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CHAPTER I 
PURPOSE OF STUDY 
The study of flow properties of many substances is of prime importance in 
varied industries. The ceramic industry is mainly concerned with these measure-
ments on a relatively stiff ceramic body, i.e., one which contains only enough 
water to retain its shape after the deforming force is relieved. 
Various types of instruments have been devised to measure flow properties 
in the so-called "true plastic range." · Since the primary measurements were 
made on instruments of the transpiration type to devise the laws of viscous and 
plastic flow, it was felt that an instrument employing the flow of the plastic 
material through an orifice under pressure should be employed. 
It would be of interest to correlate some of the physical properties of the 
materials used to the flow data obtained. This would serve as a measure of 
control and would also be of academic interest. 
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CHAPTER II 
REVIEW OF LITERATURE 
The tendency in later studies of the plastic properties of clays is to avoid 
the term plasticity with regard to those properties observed, that connotation 
being reserved for the final exact measurement of that transient property which 
shall be easily reproducible under a given set of conditions and which shall be 
a constant for a given clay. The manner in which materials flow, or resist the 
passage of bodies through them, has been a matter of interest from earliest times. 
G. W. Scott Blair1 gives a good historical background from which the following 
paragraph is mainly drawn. 
Although Lucretius and Aristotle made reference to the resistance to flow 
of various materials Palissy, who lived in the sixteenth century, was one of the 
first to write specifically on the science of the flow of matter, as applied to such 
practical problems as the heaviness of different kinds of soil. He designates 
that clays should be called "pasty" rather than viscous " ... since clay is wetted 
by water to form a paste in a similar way to that in which flour forms a dough." 
In the past few years the science of the flow and deformation of-matter has been 
ten;ned rheology and this term has found acceptance in many industrial fields. 
The old saying, "The Old Testament is the New Testament concealed and 
the New Testament is the Old Testament revealed," might well be applied to 
Ceramics and Ceramic Engineering. The methods of the old master potters 
were passed from one generation to another within the family and there is still 
a slight tendency today to be secretive concerning the same. "Plasticity1' has 
been judged by "feel" and attempts have been made to determine measurable 
values which will place the days in a series of plasticity values which are con-
cordant with the opinions formed by the -above procedure. 
The stress-strain relationship for strictly viscous substances is a straight 
line passing through the origin. It is the deviations from this straight line re-
lationship which is sometimes termed plastic rather -than viscous flow. It is 
quite possible that under the above designation a pure substance might exhibit 
plastic flow under certain conditions. On the other hand there are those who 
would rather discuss these viscous "anomalies" as structural viscosity, etc. In 
the case of plastic clay we have the clay mineral or minerals plus impurities 
mixed with water, i.e., we have a solid phase and a liquid phase. It is the inter-
action of these two phases which tends to bring about the state in which the 
whole mass at one time seems to possess properties of a solid and at another 
time those of a pseudo-viscous substance. Plasticity probably involves two ideas: 
(1) the particles of a mass must be mobile; that is they must be able to move 
on each other and (2) the internal cohesion of the mass must be sufficient to 
hold the particles !ltill, except when disturbed by a superior force. 
Generally speaking plastic properties would be developed upon a comparatively 
small addition of clay to water-7% by volume according to Bingham and 
Durham2 for some clays. So far as practical applications are concerned for 
the ceramic engineer this low concentration of clay to water possesses no prop-
1 G. W. Scott Blair, An Introduction to Industrial Rheology . (Phila-
delphia: P. Blakiston's Son & Co., 1938), 1-2. 
2 E. C. Bingham and T. C. Durham, "The Viscosity and Fluidity of 
Suspensions of Finely-Divided Solids in Liquids," Am. Chem. J., 46 :278, 1911. 
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erty similar to that in the range in which he is interested. Talwalkar and Parma-
lee3 believe that this property of suspensions that Bingham discovered might be 
very interesting, but it seems that he should have given it some new name instead 
of using the word "plasticity," which is entirely a different thing [?] and has an 
established meaning of its own. Plasticity involves, according to established mean-
ing, possibility of being molded, which -form it will retain at the consistency at 
which it is made. It is interesting to note that Bingham4 also gives this conception 
of plasticity. Thus the lower limit in the case of most clays cannot be far above 
45% water content (dry weight basis). Bingham5 believes that the term plasticity 
should continue to have its loose meaning because of the greatly different mag-
nitudes of relative values which are obtained in various industrial fields. 
At this point it would be well to consider the nature of a true fluid. Of the 
early work done on the flow of water through pipes, that of Bernouilli (1726) 
is the best known, but he excessively idealized his conditions. The first ex-
tensive experimental determination of the laws of flow was due to Poiseuil1e6 
(1846), who was interested in the flow of blood through arteries, veins and 
capil1aries. He studied the flow of water through narrow tubes and established 
laws of flow from his observations. Hagen first derived equations of flow from 
theoretical considerations; and it was not until Stokes (1845') re-introduced 
the Newton hypothesis of proportionality between stress and rate of shear 
that even the simplest equation was fina\1y derived in its entirety. Since the veloc-
ity of flow through the capillary may be considerable, a correlation is general1y 
necessary for this kinetic energy, which is transformed into heat. Hagenback 
was the first to attempt to make this correction but Neumann (1858) and 
Jacobs01~ (1860) were the first to put the correction into satisfactory form. 
Thus both the method of measurement and the formula used in calculation of 
absolute viscosities· were practically the same by 1860 that they are today. 
It is essential that we have a concept of viscosity and its measurement be-
cause it was the anomalies that were noted in -its attempted measurement in non-
Newtonian fluids which precipitated the further study to bring about such terms 
as consistency, plasticity, etc. The viscosity of a substance may be measured 
by the tangential force on a unit area of either of two horizontal planes at a unit 
distance apart required to move one plane with unit velocity in reference to the 
other plane, the space between being fi\1ed with the viscous substance. The 
above definition gives no definite procedure by which this property -should' be 
measured consequently there are many ways in which viscosity can be measured. 
The simplest case to consider is that of the flow of a fluid through a long, narrow 
tube, and this was in fact the first case to be worked out, leading to the formula-
tion of the p;nseuiI1e-Hagen law. This law, which relates the rate of flow of a 
fluid through a capil1ary tube to the pressure applied and to the dimensions 
of the tube, can be derived from Newton's assumption in a: variety of ways 
but the treatment of Stokes (1851) is probably the simplest: 
3 · T. W. Talwalkar and C. W. Parmalee, "Measurement 'of Plasticity," 
1. Am. Ceram. Soc., 10 :672, August, 1927. 
4 E. C. Bingham, Fluidity and Plasticity (New York: McGraw Hill Book 
Co., 1922), 216. 
5 E. C. Bingham, "Plasticity as a Means for Control of Properties," 1. Am. 
Ceram. Soc., 7:434, June, 1924. 
6 Poiseui\1e, "Recherches experimentales sur Ie mouvement des liquides 
dans les tubes de tres-petits diametres," Compo rend., 15:1167-87, 1842, cited by 
E. -C. Bingham, op. cit., 406, 
.. 
p 
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Consider the flow of a fluid through a long, narrow tube, radius R cm., 
length L em., and consider a layer of fluid, distant r from the center of the tube. 
This forms the surface of an imaginary cylinder of fluid, of periphery 27fr and 
length L, the cross-sectional area being 7fr2. 
r 
Fig. 1 
DIAGRAM OF CAPILLARY TUBE 
Now if the pressure difference a,long the tube is ' P (dynes/ em. 2 ), the force 
acting on the end of the cylinder will be P 7fr 2 , and the force per unit area of 
the surface of the imaginary cylinder is 
P1I'r2/211'rL = Pr /2L = S _______________________________________ (1) 
The liquid is "telescoping" through the tube (i.e., each layer moves a shade ' 
faster than the one adj acent to it and nearer the wall of the tube), so that the 
fastest movement is at the center, and the liquid in the immediate proximity 
of the waJl is at rest. The greatest stress is, of course, at the wall, since S is 
highest when r = R, its upper limit. Now Newton's hypothesis is that the 
velocity gradient (i.e., the rate at which velocity (v) changes with distance 
from the center (r) is proportional to S; or 
dv/dra:S, 
or 
dv /dr = -cpS (Where cp is a constant) __________________________ (2) 
This is negative because v gets smaller as r increases, since the velocity is 
at its lowest nearest the wall. The constant is called fluidity and its reciprocal 
11 cp = viscosity. 
or 
Equation (2) may be written: 
dv/ dr = -1/1] . Pr/2L 
v = - PI2L1] . f r . dr 
= - Pr2/4L1] + Integration Constant (C) 
Now when r = R (i.e . , at the wall), v = 0, hence 
C = PR2/4~ 
or 
v P (R 2_r2) / 4~--------------------------------------------- (3) , 
• 
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Suppose a solid diagram were plotted to show the rate of flow in different 







FLOW DIAGRAM IN CAPILLARY TUBE 
The figure of extrusion is a paraboloid, and its equation may be derived 
by ~onsidering it as being made up of a series of very small strips, like the con-
centric tubes of a telescope. If the thickness of each tube is dr, the volume will 
be, as a close approximation, 2.".r (the periphery) X height (which is v) X dr, 
and the total volume of the figure will be: 
where V is the volume extruded per second. 
Or, from Equation (3), since 
v = P(R2-r2)/4Iq, 
we have 
V = P""/2LT)fo~R2r-r3) dr 
_ P."./4Iq [ R2r2 - Y,r~ ]: 
= P.".R·/8Iq 
This is the Poiseuille-Hagen equation. To derive V in absolute units, P is quoted 
in dynes/cm.2, pressure in cm. Hg X density of mercury X 981. 
In order to derive this, several assumptions have been made: 
(1) That the fluid flows in a telescopic manner and that there are no vor-
tices. Reynolds showed that this is only true for certain conditions, and below 
certain rates · of flow. . 
(2) No correction has been made to allow for what takes place when the 
fluid is squeezed into the tube from the container in which it is stored. There 
are two corrections involved here. First there is the end-effect correction, which 
allows for - the work done to deform the material round the shoulde~ of the 
tube, i.e., that :work which would be needed to extrude' material through an ori-
fice of radius R, if the tube were cut off at "a" (Fig. 3). This is generally quite 
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----/ 
\ __ a __ -=----
i R 
Fig. 3 
END EFFECT IN CAPILLARY TUBE 
a small correction, and can usually, be neglected if a capillary of reasonable 
length and radius is used. Any correction necessary is usually made by adding 
a hypothetical amount to the value for the length of the tube, this amount being 
taken as proportional to the radius of the tube. This expression was worked out 
by Couette. 
Secondly there is the kinetic energy correction, which is more important. 
When the material which is moving slowly along the wide tube suddenly finds 
itself in the capillary, it has to move much more quickly, and for this , it requires 
additional kinetic energy. Some of the pressure applied is used up in this, in-
stead of its all being employed in shearing the material. Bernoui!1i calculates 
that if d is the density and z the vertical co-ordinate of gravity, along a simple 
streamline, 
P/d + gz + 0v2 = constant~ __________________________________ (S) 
When the velocity (v) suddenly increases, the effective pressure falls. Hagen-
back (1860) was the first person to deduce an expression to correct Poiseui11e's 
law for this effect. His expression is: 
where p is the pressure effective for overcoming viscous resistance and P is 
the total pressure. 
There has been much discussion about the factor,zyZ: A number of authors 
independently derived similar equations, with various factors. The factor, which 
is generally called "m" has been variously evaluated. 
The PoiseuiUe equation, corrected both for kinetic energy and for the so-
called "end-effect," may be written: 
mdv 
'1)=------
BV(L + nR) 
___ _____________________ ________ (6) 
8(L + nR) 
m and n are constants, and may be evaluated from experimental data in any 
given instrument Perhaps the best experimental data on m are those of Riemann, 
who, working with water, gets m = 1) 24± 0.006. This was with very nar~ow 
tubes (R = order of 0.005 cm.). For perfectly square-ended capi11aries, the 
value of m is about O.B. It is important to note that no one has the least idea 
of the value of "m'" for materials which do not obey Poiseui11e's law. 
Many attempts have been made to study and evaluate plastic properties, and 
devious methods ' have been employed, for example, (a) the hand-feel method of 
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experienced operators,7 (b) the use of the Bingham-Green plastometer,S and 
(c) the ball defo,mation test of Mellor.9 
Bleininger,IO in measuring the flow characteristics of plastic bodies under 
pressure, found that pressure and water content were in inverse relation. An 
instrument developed by Emleyll was adapted for testing plastic clays and is 
reported to indicate the relative behavior of clays in jiggering. , 
Numerous penetrometer methods have been developed, but no very satisfac-
tory apparatus has resulted; such tests appear to be too greatly affected by skin 
effects and surface conditions to be very reliable. 
Thiess '2 used a Plastograph, which records plastic properties in terms of 
the torque required to turn mixing blades through plastic mixtures. 
Stull and Johnson 1 3 investigated the relationship between flow-point pressure 
and moisture content for several clays, forcing the clay through a die at a con-
stant rate. Notable differences were observed in flow-point pressure with varia-
tion in water content. 
Wilson,'4 Norton,15 and Graham and Sullivan16 used a torsion stress obtained 
by means of apparatus of similar design. Roller,17 on the other hand, developed 
a compression method and pointed out certain advantages over torsion methods. 
The torsio~ results obtained by these investigators were reported in terms of 
torque (stress) and angle of twist (strain). Wilson concluded that the plasticity 
of finely ground 'minerals with water is due to stable viscous water films held 
on the surfaces of the ll'lrticles · and that the stability of the water films is pro-
portional to the stress at the yield point. 
Norton'S used three properties to express workability. namely, yield point, 
maximum strength, and deformation at the rupture point. He concluded that 
yield point determines the ability to retain shape and that deformation or maxi-
7 G. A. Bole, "Mechanism of Plasticity from A Colloidal Standard," f. Ant. 
Ceram. Soc., 5 :474, August, 1922. 
8 H . Green, "Further Development of the Plastometer and Its Practical 
Application to Research and Routine Problems," Proc. Am. Soc. Testing Matts., 
20(II) :451-94, 1920. -
9 J. W. Mellor, "Plasticity of Clay," Trans: Ceram. Soc. (England),21:94, 
1921-1922. 
10 A. V. Bleininget and D. V. Ross, "Flow of Clays under Pressure," Trans. 
Am. Ceram. Soc., 16:396, 1914. 
11 W. E. Emley, -Instrument for Measuring Plasticity," Ibid., 19:526, 1917. 
12 L. E. Thiess, "Method of Recording Plas~ic Properties of Porcelain 
Bodies," f. Am. Ceram. Soc., 22 :286, September, 1939. -
13 R. T. Stull and P. V. Johnson, "Relation between Moisture Content and 
Flow-Point Pressure of Plastic Clay, f. Research Nat. Bur. Standards, 22 :329-37, 
February, 1939. 
14 E. O. Wilson, "Plasticity of Finely Ground Mineral with Water," 1. An~. 
·Ceram. Soc. , 19:116, April, 1936. 
15 F. H. Norton, "Instrument for Measuring Workability of Clay," Ibid., 
21 :33-36, January, 1938. ' 
-16 R. P. Graham and J. D. Sullivan, "Workability of Clays," Ibid., 22 :152-
56, May, 1939. 
R. P. Graham and J . D. Sullivan, "Improved Machine Shows Different 
Forms of Failure of Clay Bodies in Torsion," BIt!I. Am. Cera.m. Soc. , 18 :99, 
March, 1939. ' -
17 P. S. Roller, "Plastic Flow of Dispersions and a New Approach to the 
Study of Plasticity," f. Phys. Chem., 43461, April,1939. 
18 Norton, op. t;it., 36. 
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mum extensibility determines the degree of resistance to rupture during forming, 
whereas the maximum value of the product of yield point and deformation de-
termines the optimum water content for best workability. The maximum 
strength of a plastic mass determines the power required to work the clay. Nor-
ton showed that a clay is truly elastic below its yield point and that increased 
rates of stress application give higher yield values and maximum deformations, 
that is, they make a clay act as though it were abnormally plastic. 
Graham and Sullivan,19 in an investigation of six clays, made certain refine-
ments in the methods employed and observed differences in types of failure char-
acteristic of different clays. In all cases, the yield point and the maximum torque 
(maximum stress) decreased with increasing water content, and maximum 
deformability depended on the type of clay. 
Roller,20 using a compression method of obtaining stress-strain data, in-
vestigated the characteristics of various plastic compositions, including several 
types of clay, and he discussed the theory involved rather extensively. He de-
vised a law of plastic flow with two constants, the yield value and the coefficient 
of renitence (an inverse quantitative measure of plasticity), and he concluded 
that workability depends on softness, which is an inverse expression of the yield 
value and plasticity. He also found that the coefficient of renitence is of the great-
est importance in determining the stress at practical deformations but that it is an 
essential constant for a given system so that only the yield value can be changed 
arbitrarily and this by varying the water content. Liquid retention, or the per-
centage of liquid phase at a specified yield value of reference, was found generally 
to increase with the plasticity as has been observed in practice. 
Aside from these methods of measuring plastic properties of clays it is 
interesting to note that at one time some credence was associated with a dye 
test to -indicate the "colloidal matter» present in a clay which was indicative of 
its plasticity. It was apparently believed that some amorphous gluing material, 
i.e., colloidal material, was present to give the sticky qualities. Relatively soon 
it was made known that different colloids had · the tendency to adsorb the dye 
being used in different amounts. This test has long passed into obscurity. 
E. C. Bingham was one of the first who studied the flow of materials with 
rheological properties in mind and his book, Fluidity and Plasticity, serves as 
a good . introduction to some of the previous work and theories involved along 
with the large amount of experimental work which he conducted. In later years 
some have disagreed with him on portions of his work but it still stands as a 
monumental beginning into that realm with which we are still struggling to clarify 
and simplify in order that some of those principles might be easily applied to 
industrial development. He defined plasticity as a property of solids by virtue 
of which they hold their shape permanently under the action of small shearing 
stresses but they are readily deformed, worked or molded, under somewhat larger 
stresses. "Plasticity is thus a complex property, made up of two independent 
factors, which we must evaluate separately," says Bingham. In a plastic solid, 
a certain portion of the shearing force is used up in overcoming the internal 
friction of the material. If the stress is just equal to the friction or yield value, 
the material may be said to be at its elastic limit. If the stress is greater than 
the friction f, the excess, F-f, wiII be used up in producing plastic flow. Fig. 4 
19 Graham and Sullivan, loco cit. 
;20 Roller, loco cit. 
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indicates the types of curves obtained for viscous and plastic substances according . 
to Bingham. 
In industry the problem often arises as to how to treat data from materials 
that do not show straight line flow curves in the Bingham treatment. It was 
Reynolds who first plotted log (flow)/log (pressure); but Ostwald and his 
pupils have done the bulk of the work, and the treatment is generally associated 
with the latter name. There is an enormous number of materials which show 
good straight line curves with this method. 
stress 
Fig. 4 
FLOW CURVES OF VISCOUS AND PLASTIC SUBSTANCES 
The Ostwald method is especially applicable to those lyophilic materials, 
which have a (presumably) compressible dispersed phase, and to materials show-
ing no definite yield-value. It may be that as pressure rises, dispersed particles 
undergo an elastic change of shape, which eases the flow and lowers the viscosity. 
Another possibility is Hatschek's suggestion that the solvated envelopes are 
gradually sheared off as stress rises. 
In the case of an oriented structure, work has to be done ,to break up the 
structure, and the polar molecules rearrange themselves when the stress is re-
moved. If the rearranging process is slow enough to be apparent, the material 
appears to be thixotropic. Ostwald's explanation of the phenomenon does not 
go so far as this; but he shows that in systems which possess "structure," the 
flow rate/pressure relationship curves upwards as stress increases, and he calls 
the phenomenon structural viscosity. Some of the curves given by Ostwald and 
his pupils are sigmoid in shape (Fig. 5), and he explains the apparent rise in 
viscosity at high stresses by postulating a type of turbulence, due to the formation 
of eddies of the continuous phase round the dispersed particles. 
Cunningham21 cl~ims curves very much like this for highly concentrated 
clay suspensions. Scott-Blair says that the whole treatment is somewhat arti-
21 G. E. Cunningham, "Mechanism of 'Plastic Flow," 1. Phys. Chem., 35: 
811, March, 1931. . 
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Turbulenoe 
Laminar Section 
structural Viscosity Seotion 
stress 
Fig. 5 
STRUCTURAL VISCOSITY CURVE 
fidal, and claims to show that a considerable number of Ostwald's data can be 
as weI! accounted for by the Bingham treatment, and, if a correction for kinetic 
energy could also be applied, a good deal of the sigmoid effect would probahly 
disappear. 
De WaeIe extends the Ostwald theory considerably and applies the treatment 
wi~h success to many materials, including clays. He describes the disaggregation 
of structure under stress and the re-assembling on release as a type of defloccula-
tion, the slope of the log/log curves giving a measure of the extent of the process. 
Flo .. 
Fig. 6 
DE WAELE'S FLOW CURVE FOR PLASTIC SUBSTANCES 
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One of de Waele's articles~2 brings out his disagreement wtih Bingham in 
regard to the equation expressing plastic flow. His work indicates a parabolic type 
of curve as shown in Fig. 6 rather than that indicated by the Bingham treatment. 
Nutting23 in studying the flow of pitch under pressure indicated an equation 
similar to that given above and Whittemore24 used a penetration test to give a 
curve of the y = kxn type. 
The studies of de Waele bring out the point that the exponent of the parabolic 
equation expressing the relation between rate of flow and pressure might be in-
dicative of the plasticity of the clay. 
The simple idea of shearing strength (yield-value) and mobility only holds 
for comp;ratively simple systems. Scott Blair, in discussing the natu're of yield 
value, concludes that it is simply a sharp inflection in the flow curve. There are 
many materials which show "slow-yield," below the ordinary yield value. If a 
material consists of elements, all of which yield at the same stress, it appears 
to have a sharp yield value. If a number of Bingharn systems could be mixed in 
such a way that the individual components retained their own yield properties, 
the result would be an Ostwald system, since the resultant of such a series of 
straight lines is a curve. The yield value observed is that of the lowest yielding 
element in the system. As an application of this we might note many studies 
of rock under the heading of structural geology. A yield value may thus be 
described as a "kink in the flow curve." 
Bingham's treatment of the flow curves leaves several questions still un-
answered. For a single capillary tube, it is quite satisfactory to subtract a 
"yield value" pressure from the total pressure, in order to obtain a mobility; 
but it is not clear how such mobilities are ' to be compared with those derived 
for the same material flowing through capillaries of different dimensions. The 
question also arises as to how this change in the equation of ' flow will affect 
the original hypothesis of Newton, relating shearing stress to velocity gradient, 
on which the Poiseuille equation is based. 
Buckingham2 5 and Reiner2 6 quite independently worked out the fuller im-
plications of Bingham's ' idea, as applied to capillary flow. They start by assum-
ing a modification in the Newton equation, by which a certain critical shearing 
stress ( S,,) has to be subtracted from the ' total str.ess, before the equation is 
applied. Writing I-'- for mobility, this now reads: 
dv 
. dr 
-I-'- (S - S o) ----------------------------~------------- (7) 
For a capillar:\' tube, S = Pr /2L, and Pr j2L will first exceed So where r is at 
its max imum (i.e., at tht! wall); and as the stress rises , the region in which this 
22 A. de Waeie, "Viscometry and Plastometry," 1. Oil and C%ur Chemists' 
Assoc., 6 :67, February, 1923. 
23 P. G. Nutting, "A New General Law of Deformation," 1. Frallkin 1nst., 
191 :681, May, 1921. 
24 J. W. Whittemore, "Mechanical Method for the, Measurement of the 
Plasticity of Clays and Mixtures of Clays," 1. Am. Ceram. Soc., 18:353, No-
vember, 1935. . 
25 E. Buckingham, 'On Plastic Flow Through Capillary Tubes," Proc. Am. 
Soc. Testing Matts., 21 :1154, 1921. 
26 Von Markus Reiner, 'IUeber die Stromung einer elastischen Flussigkeit 
durch eine Kapillare, Koll. Zeit., 39 :80, March, 1926. 
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has taken place, and in which there is flow, wiIJ increase in volume. At pressure~ 
above 2LSo/ R, flow will occur in a sheath near the wall, the region near the 
center, in which Pr /2L is stiIJ less than So' moving forward as a solid plug. Th~ 
extrusion figure is shown in Fig. 7. 
Fig. 7 
EXTRUSION DIAGRAM OF A PLASTIC MATERIAL 
These conditions were taken into account by Buckingham and Reiner, and 
by means of a suitably modified Poiseiulle integration, they derived the equation: 
: == :::, (p -- ;p 1- ~;s ).-: _____________________ ~---------(8) 
where p is the pressure corresponding to So' so that 
So == pR/2L 
When P is fairly large compared with p, and the last term can therefore 
be neglected, equation (8) may be written in this form: 





(S -- 4/ 3 
The curve for such an equation would be of the general form of that shown 
for the Bingham system in Fig. 4, but his "yield value" would be equal ' to 4/3 
the true intercept. Part of the curvature, which is found with so many materials 
at low pressures, is thus explained. 
Reiner did not immediately carry his work on these lines any further, but 
Buckingham in doing so found that at very low stress: when the whole material 
is at stress below So' it sometimes slides through the tube as a solid plug. If 
this plug is regarded as being lubricated by a thin, fluid envelope of mean 
thickness e, the velocity of this plug would be given by: 
Vp == cf>Se, where cf> is the fluidity of the water envelope, 
or 
vp == cf>PRe/ 2L 
hence 
, V ' == q,PRs".e/ 2L ___________________________________ :.. ___________ (10) 
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Green showed that this "plug" type of flow really exists; but it was Scott 
Blair and Crowther who first tested the equation on actual materials. For clay 
and soil pastes, it was found that it was necessary to introduce only one fur-
ther complication in order to explain the data over· a fairly wide range. The 
water envelope had hitherto been assumed to be a true fluid; but actually the 
water is only partly free, as it is partly bound to the glass, and to the clay parti-
cles. It does not, therefore·, take the form of a simple envelope, and is not ·truly 
fluid. If a yield value for this envelope is introduced, the whole equation may 
be written 
7rR4 ( . P4) R 37re<f> (P-a) 
= - P-4/3 p + - + ----- ------ ------(11) 
1.1. SLV : 3p3 2L 
with the proviso that the first term is only introduced when P > p. When P is 
large compared with p, the plug .term may be small compared with the stream-
line terms, itself approximating to the Poiseuille equation, which is its limit. 





PLASTIC FLOW CURVE ACCORDING TO SCOTT BLAIR 
I. Oa. No flow, as the pressure is less than the yield value of the water 
envelope. 
II. abo Plug flow, the flow being linear with pressure. 
III. bc. Curvilinear mixed flow. 
IV. cd. Streamline flow. Rectilinear. 
This has been verified for ~lays, only the form of stage III, where d2V / dp2 
IS so steep, is too ill-defined to give a quantitative check on the· equation; and 
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the ratio cO /bO is nearer 3/2 than 4/3. That the flow in region II is really 
in the nature of a plug, and in region III really mixed, is shown by forcing a dyed 
kaolin into a white, undyed sample of the same consistency. When the appropriate 
stage in the experiment is reached, the tubes are disconnected and cut. A clear 
line of demarcation between the colored regions is found to have persisted in region 
II. In region I, where there is no flow, the pres sure is used up in producing elastic 
deformations. These may be disregarded for such systems as clay pastes, although 
the stresses producing them are by no means negligible. This means that the shear 
modulus, which is defined as the shearing stress divided by the non-permanent 
(elastic) strain, is very high It has been shown that for other materials in which 
the shear modulus is not high, the elastic deformations cannot be neglected, either 
before flow starts, or later, during the flow process itself. 
Practically all of the aforementioned work both in viscous and plastic flow 
has concerned itsel f with that flow through capillaries. A capillary opening is 
apparently one in which the surface tension of the liquid confined is sufficient to 
cause that liquid to rise to some height above that of its head. It has been said 
that the maximum capillary opening for water is 0.508 mm.' No references were 
found in the literalure as to what might be considered capillaries for plastic clay 
mixes, especially those of such a water content to possess plasticity as is commonly 
understood. Practically the only workers who have concerned themselves with 
the study of the flow of plastic clay mixes through orifices are Bleininger and 
Ross27 and Stull and Johnson.28 The former investigators studied the relation 
between pressure and the flow of clay by forcing the clay from a brass cylinder 
through an orifice. The cylinder first used was 1.75 inch in diameter, inside, 3.5 
inches in length and closed at one end by a plate 0.25 inch thick provided in the 
center with a hole 0.25 inch indiameter through which the clay was expelled. 
The edges of the opening were sharp. A tight fitting piston was made to work 
in the cylinder. Later, a heavier cylinder of 2 inches inside diameter and 4.75 
inches length was used, with the same orifice, 0.25 inch. The piston head was 
2 inches long to provide proper guidance and also possessed a heavy bearing 
plate at the outside end. The cylinder, filled with clay, with the piston head 
inserted its full depth, was placed between the top and bottom plate of a 
10,000 pound Olsen testing machine, the orifice being on top. An aperture of 
ample size in the upper head of the machine permitted the escape of clay. 
The testing machine was sensitive to two pounds and was operated by hand. 
Two kinds of data were obtained, first the pressures required to start the 
flow of the clays with different water contents; secondly, the quantities of 
clay discharged through the orifice per minute, with varying pressure and again 
with different contents of water. . 
An analysis of the data obtained from Bleininger and Ross's work shows 
that hyperbolic curves were obtained upon plotting the pressure necessary to 
start flow against water contents . . For the pressure-gm. of wet clay per minute 
data apparently parabolic curves were obtained, but for the more plastic clays 
in the comparatively higher water contents the curves were more nearly staight 
lines with comparatively low slope. 
Stull and J ?hnson carried on the work of the above men to study the rela-
tion between moisture content and "flow point pressure" with an improved appar-
27 Bleininger and Ross, lac. cit. 
28 Stull and Johnson, lac. cit. 
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atus quite similar to that used by Bleininger and Ross except that they had 
two extrusion cylinders, one and one-half and two and nine thirty-seconds inches 
inside diameter, and three dies of one-fourth, three-eighths, and one-half inches 
in diameter. Thus six different combinations of cylinder and die were possible. 
The clays were mixed to a soft consistency in a pug mill and mixed for two 
hours and allowed to stand in the mill over-night. The following morning t1.1e 
cover was removed and the pug mill operated slowly and continuously while 
evaporation of moisture proceeded at room temperature. Before the first clay 
sample was taken, the miIl - was allowed to operate for about ten minutes to 
redistribute any moisture which may have evaporated and recondensed in the mill 
during the night, and also to overcome the 'thil otropic" stiffening of the clay. 
Their results indicated that the magnitude of the flow-point load is influ-
enced liy the size of extrusion cylinder, size of die, and distance of the piston 
head from the die when the load reading is observed. In general, the load de-
creases with (a) decrease in diameter of the extrusion cylinder, (b) increase 
in diameter of the die, and (c) decrease in 'distance of the piston head from the 
die. 
Gallay and Tapp29 studied the flow of casein from an extrusion apparatus 
at extremely high pressures. The piston guide was turned from steel shafting. 
It had a wall thickness of 5 mm., an over-all diameter of 71.5 mm. and a height 
of 81.5 mm. The main cylinder was 72.5 mm. in diameter, 51.5 mm. in height, 
and had a bore diameter of 10.345 mm. After introducing the sample the pres-
sure was raised to a high value and about one foot of thread allowed to extrude 
before the pressure was dropped and actual measurements of flow were begun. 
The viscosity observed was of the structural type, a parabolic curve being ob-
. tained. 
Several investigators have made a comparatively extensive study of curves 
obtained by submitting a clay b.lank to torsional forces. Their contention is that 
torsional forces are those which are actually encountered in t/le pugging of a 
plastic clay and it is under these conditions that the clays should be studied for 
best comparative results. Grout30 studied the changes in shape of a cylinder of 
clay under compressional forces and probably was the first to indicate that plas-
ticity is a function of the product of a deformation by a force producing that 
deform~tion. 
The stress-strain curves for data obtained with torsion equipment resemble 
those obtained for metals under tension and Bingham31 has discussed this aspect 
of elasticity and plasticity. Wilson's32 work brings this out in his study on the 
effect of fine grinding to bring about plasticity. Talwalkar and Parmalee33 were 
among the first to study clays in the accepted platic range under torsion. Parm-
alee and Rudd34 improved the apparatus somewhat and continued the work. 
The index of plasticity was accepted to be (total deformation at point of fail-
29 Wilfred GaIlay and James S. Tapp, "The Preparation and Some Flow 
Characteristics of Plastic Casein," Can. fotIY. of Research, 16:354, October, 1938. 
'30 F. F. Grout, "Method of Determining Plasticity," W. Va. CeDI. Survey, 
3 :40, 1905. 
31 E. C. Bingham,"Plasticity and Elasticity," fOtlr. Franklin [nst., 197:103, 
January, 1924. 
32 Wilson, lac. cit. 
33 Talwalkar and Parmalee, lac. cit. . 
34C. W. Parmalee and R. D. Rudd, "TOI:sional Apparatus for Measuring 
Plasticity," f. Am. C eram. Soc., 12: 554, August, 19-29. 
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ure)/(av. stress beyond prop. limit). One condition was made that the water 
content should be such that the proportional limit would be a certain specifi~d 
value which appeared to be , more or less arbitrarily chosen. Irving and Dietrich35 
carried on with this same type of instrument. 
N orton and his students have used a recording type of torsion instrument 
and also consider that for comparative purposes plasticity may be taken as the 
product of the yield value and the strain value. The type of curves obtained 
such as those by N orton36 are indicated by Fig. 9 which are quite similar to those 
for metals. Several investigators, including Whittaker,37 have shown that this 
• 




.Anglo in Degrees 
Fig. 9 
FLOW CURVES ACCORDING TO NORTON 
value of plasticity shows an optimum value for a certain water content for each 
clay under certain conditions. Graham and Sullivan38 studied quite a few dif-
ferent types of clays indicating that trouble was encountered with Georgia 
kaolin. The Brabender plastograph39 has been used by several workers to study 
st~ess strain relationships. E. C. Henry40 has used an Endell type of body 
tester to measure a combination of compression and torsional forces acting at 
. the same time. His product of deformation at rupture and force being applied 
at rupture did not pass through a maximum when plotted against water content 
in the ranges he studied as other investigators have found. His ratio of the two 
3S D. R. Irving and W. F. Dietrich, "Some Aspects of Plasticity and 
Related Properties of Clays," I. Am. C eram. Soc., 12: 15, January, 1929. 
36 F. H. Norton, "Instrument for Measuring Clay Workability," Ibid., 
21 :35, January, 1938. 
36 F. H. Norton, "Instrument for Measuring Clay Workability," Ibid., 
21 :35, January, 1938. 
37 H. Whittaker, "Effect of Particle Size on Plasticity of Kaolinite," l. 
Atl'!. Ceram. Soc., 22 :21, January, 1939. , 
38 R. P . Graham and J . D. Sullivan, "Workability of Clays," Ibid., 22 :154, 
May, 1939. 
39 Thiess, loco cit. 
40 E. C. Henry and C. A. Siefert, "Plastic and Drying Properties of Clays 
Influenced by Electrolyte Content," f. Am. Ceram. Soc., 24 :282, September, 1941. 
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above factors rather than their product serves to indicate the relative ease with 
which the plastic material can be formed into desired shapes. 
According to Norton, 41 at least three properties must be used to express 
the workability of clay, viz., yield-point, maximum strength , and deformation at 
the breaking point. The yield-point is important because it enables the formed 
clay article to retain its shape under gravitational forces and the sudden accel-
erations of handling. The maximum extensibility measures the degree with 
which the clay can be formed without rupture; therefore, a plastic clay or body 
would need a high value of yield-point, it will slump after working, and if it has 
a low extensibility it will be "short" and difficult to form. 
Cunningham42 differentiates between the physical conditions behind curves 
obtained for metals under te'nsion and those obtained for clay under shear. His 
experiments seemed to justify the conclusion that the property of plasticity is 
related to the ability of the plastic material to undergo a change in viscosity 
under the influence of pressure. The proposed theory precludes the possibility 
of a single substance's exhibiting the property of plasticity, but plasticity as out-
lined in this theory is not to be confused with the property of ductility, which 
may be regarded as the slippage of structural units, e.g. atomic planes in a crystal 
lattice or granules of solid held together by a fluid bonding agent. ,A plastic 
material is to be regarded as one of the latter type in which the bonding agent 
becomes more fluid under the influence of pressure, the increase in mobility 
being due to the increase of liquid water phase at the expense of the adsorbed 
water. As was previously mentioned, Scott Blair took exception to this con-
clusion of Cunningham and claimed that he failed to make proper corrections 
for kinetic energy, etc. 
The foregoing material has shown methods which have been used to measure 
the plastic properties of clays and now it is necessary that some material be 
presented which explains in part the reason for these I properties. In the not 
too distant past, many writers have thought that colloids are tiny particles 
floating around in a fluid medium which tend to bind the clay grains together. 
It is important to understand that colloidality is not specific property of a 
definite type of substance but represents a possible state, comparable with the 
liquid state, the gaseous state, and the solid state. Colloid chemistry might be 
classed as a branch of chemistry which deals with the study of particles which 
possess large surface in comparison to their mass. The generally accepted size ' 
of colloid particles ranges from 5mft to 250 mft. ' 
The most common type of dispersions are either molecular or ionic, both 
. 0:£ which are produced , instantaneously when the solution is formed. In contrast, 
a colloid ,system is. formed only in a roundabout manner, in the majority of 
cases, consisting of coarser aggregates than either of the two preceding types. 
For the colloid system there are no simple stoichometric relations as would be 
expected in the ordinary system; in 'other words chemical reactions which 
might be supposed to occur do not use the expected amount of the reactants. 
In order for a dispersed substance in the colloidal range to remain in a stable 
state it must possess . a charge which is manifested by the movement of the dis-
persed particle to one of the electrodes of a cell in which the s'ol might be 
41 F. H. Norton, "Instrument for Measuring Clay Workability," Ibid .. 21 :3!i, 
January, 1938. 
42 Cunningham, op. cit., 813, 
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placed. Thus a dispersed particle is said to be charged positively or negatively 
with regard to which electrode it is drawn during electrolysis. In order to floccu-
late the colloidal particles it is necessary to remove or reduce this charge s(} 
that the particles may unite. Electrolytes are generally added to accomplish 
this and the amount necessary is considered to be a function of the valence of the 
ion carrying an opposite charge to that of the particle. 
The energy of a body of matter may be considered to be the sum of its 
inner energy and its surface energy. The latter is due to the forces emanating 
from the ultimate building units located in it to a depth of colloidal dimensions. 
When the corpuscular particle has been reduced to colloidal size, its surface 
energy will be predominant, its inner energy having become insignificant in 
comparison. This act also explains why colloidal chemistry is frequently called 
the chemistry of surfaces or surface reactions. Upon further comminution, the 
term surface as generally used becomes meaningless because the dimensions of 
the ultimate building units of matter themselves have now been reached. 
Clay as a general term is a very incomplete designation in the mind of the 
technologist because there are several . so-called clay minerals which impart tv 
the clays the properties with which we are concerned. Several papers have 
been written relating the colloidal properties of clays to their crystal structure, 
among which Marsha1l43 classified the clays into mineralogical groups. All clay 





TABLE I-CLA SSIFICATIO N Of CLAY MINERALS 
Occurrence 
China clay, fire clay, ball clay, etc. 
Shale, fire clay, ball clay, etc. 
Bentonite, gumbo-til, loess, etc. 
1. The clay minerals are usually platy or fibrous in structure as indicated by 
Marshall and others,44 or possessing large specific surface and attendant colloidaT 
properties. 
According to Hauser,.5 the forces of attraction associated with a colloidaT 
micelle of clay arise from the following sources: Certain areas of the crystal-
line fragment have broken valence bonds which are unsaturated and capable 
of preferentially adsorbing certain ions, usually the hydroxyl ion; the particle 
thus acquires a net negative surface charge. Attraction forces also are set up 
between the now negatively charged clay particle and any positive charges in 
the vicinity. The counterions swarm about the colloidal particle in an effort 
to neutralize its surface charge. These counterions complete the diffuse double 
43 C. E. Marshall, "The Colloidal Properties of Clays as Related to their 
Crystal Structure," 1. Phys. Chern., 41 :936, October, 1937. 
44 C. E. Marshall, et 01., "Studies of Clays with the Electron Microscop~," 
Soi' Science, 54:149, 1942. 
45 E. A. Hauser, "Colloid Chemistry in · Ceramics," 1. Am.CerlJ,m. Soc., 
24: 187, June, 1941. 
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layer; and although they may be any cation, the magnitude of the repulsive 
force existing in the system varies, depending on the type of cation which serves. 
as the counterion. When hydrogen serves as the counterion, the repulsion force 
existing in the system is small enough that the attraction forces completely nul-
lify the repulsion force, and the net result is an attraction of some magnitude. 
The most commonly adsorbed cations are Na+, Ca++, and H+, when clays. 
are considered. There is a noticeable difference of properties of a clay which 
adsorbs one of the cations in preference to another. Each cation, when adsorbed, 
is assumed to have a certain degree of hydration, i.e., some ions cause a greater 
thickness of the diffuse layer to be formed than others. Sodium ions have the 
greatest degree of hydration while hydrogen ions have the least of the three 
mentioned. The ease with which a given ion can be replaced is associated with 
the hydration of the ion and its valence. The lower the hydration and the 
greater the valence, the more difficult is the replacement. 
Hauser4 6 believes that it is impossible, however, to account for the measured 
thicknesses of water films solely by the hydration of the counterions. Not 
even could the added assumption that water molecules are adsorbed on the 
clay particle in oriented dipole fashion explain the measured distances of par-
ticles in plastic slips. The presence of strongly adsorbed water films, further-
more, would demand a marked change in the viscosity of such immobilized water, 
which, however, so far has never been proved conclusively. A recent article 
by Norton47 tends to contradict this last conception of Hauser's. The particle 
separation is conceded to depend on concentration, size, and shape of particles, 
on their net surface charge, and on the type, hydration, and concentration of 
the counterions. Type and hydration control their stand-off distance from the' 
actual surface of the partcle. 
When flocculation takes place by the addition of an electrolyte the particle 
preferentially adsorbs the ion of the added electrolyte bearing an opposite 
charge to that existing on the surface of the particle. When the concentration 
gradient of ions through the diffuse double layer becomes zero the particle is 
no longer said to be "charged" and we have an iso-electric condition. It is not 
necessary to achieve this iso-electric condition in order to bring about flocculation, 
but a value of zeta potential, which is representative of the coulombic charge 
of the diffuse double layer, somewhere between ± 0.02 volts is sufficient ir, 
most systems to start coagulation. This potential is called the critical potential. 
The work of the soil chemists shows that completely weathered clays are 
made up of particles of various sizes, formed by the reaction (partial or com-
plete combination) of weak acids, e.g., silicic acid and weak bases, e.g., alumi-
num and ferric ' hydroxides, derived from the paren~ rock. T~e particles formed 
will be crystalline or amorphous, depending upon ex siting conditions. It can 
be seen that the characteristic surface condition of colloids exists regardless of 
the particle size and therefore any property caused by it would be more likely 
a function of specific surface than of the percentage of material below a given 
particle size. The soil chemists have accepted 2 microns as the diameter of the 
largest particles exhibiting colloidal prop~rties. The lack of a definite upper 
size limit o~ colloidal clay particles may be explained if it is assumed that tJ;1e 
46 Hauser, op. cit., 186 . . 
47 F. H. Norton and A. ' L. Johnson, "Fundamental Study of Clay:- V 
Nature of Water Film in Plastic Clay," 1. Am. Ceram. Soc., 27 :80, March, 1944 
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whole particle is not necessarily colloidally active, but that it has a stable core 
with an active surface. The exhibition of colloidal properties would depend not 
only upon particle size but also upon the activity of the surface layer. 
Meyer48 pictures the clay particle as being composed of acidic and amphoteric 
constituents. These particles may act as colloidal electrolytes as mentioned by 
Marshall· and KinbriII,49 i.e., the charge is not only due. to the adsorbed ions 
but also due to those ions produced by ionization of the constituents of the 
clay particle itself. In the imbibed water film" we have an assortment of unad-
sorbed ions which go to make up the diffuse double layer of a dispersed clay 
particle. 
The substitution of one cation for another is called base exchange of clays 
and a closer study is necessary to understand just what is meant by the term. 
Due to the crystal structure of the clay minerals it is possible to have substitu-
tion of the cations in the lattice itself, this exchange sometimes being balanced 
by adsorption of cations on the outside of the lattice if for example Mg++ re-
placed AI+++ in the lattice.' Marsha1l50 distinguishes between the kind of base 
exchange which can occur as a surface reaction with almost all colloidal systems, 
and another, common to the zeolites, in which the replacement of one cation 
by another changes the crystal definitely, in density, optical properties, etc. In 
the latter case, common to some clays, the base exchange capacity per gram 
is independent of the state of dispersion, since it is not a surface phenomenon. 
The plasticity of a clay, according to Meyer,51 depends upon the number, 
thickness, and viscosity of the liquid films surrounding the particles in a given 
mass and also upon the shape, size distribution, and degree of aggregation of 
the particles. The number of films is governed by the number of particles in, 
or the surface factor of, a given mass of clay, and is in turn a factor in deter-
mining the amount of deformation possible without rupture. The thickness of 
the liquid films regulates the distance between particles, hence the force of 
molecular attraction between them, and thus influences the force necessary 
to cause deformation of the mass. The viscosity of the imbibed water films 
also influences the force necessary to deformation, and is inversely propor-
tional to some function of the film's thickness or the excess micellar ion 
concentration. Shape, size distribution, and degree of aggregation of ' the par-
ticles will affect the ease with which they will slide or roll over one another 
(ease of deformatjon) and also the amount of intGrstitial space filled by capil-
lary water. The amount of this capillary water will be governed also to some 
extent by the thickness of the imbibed water films and will in turn influence 
the consistency of the mass. 
Grim52 indicates that it is therefore obvious that the' unfired physical prop-
erties of a clay, i.~. , plasticity, bonding strength, shrinkage, retention of form, 
etc. may be ascribed to: 
48 W. W . Meyer, "Clay Colloids and Related Properties," U. S. Bureau 
Stds., fl. Research, 13 :247, August, 1934. 
49 C. E. Marshall and C. A. Krinbill, "Clays as Colloidal Electrolytes," 
1. Phys. Chem., 46 :1077, December, 1942. . 
50 C. E. Marshall, "Clays as Minerals and as Colloids," Trans. Ceram. Soc. 
(Eng-land), 30 :81, 1931. 
51 Meyer, op. cit., 256. 
52 R. E. Grim, "Relation of Composition to Properties of Clays," 1. Am. 
Ceram. Soc., 22:146, May, 1939. 
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1. Structure and composition of the constituent clay minerals which de-
termine the particle size on working with water and the attractive 
force between particles. 
2. Character of the exchangeable bases. 
Dry strength is related to particle size while green strength is related to the 
thickness of the water films. Minerals of the montmorillonite and hydromka 
groups contain ferric iron replacing aluminum and a red or yellow firing color 
results. Iron does not appear as a replacement of aluminum in the kaolinite 
structure, so that the kaolinite stucture and consequently kaolinitic clays are 
light or white firing. 
It can be seen that the amount and type of adsorbed cations would be im-
portant in determining the plastic properties of clays and methods have been 
evolved to accomplish this end. A separation of crystalloids from colloids is 
called dialysis, and the membrane is usually called a dialytic membrane to dis-
tinguish it from a semipermeable membrane used in osmosis. It can be seen 
that a dialytic separation depends essentially upon the difference in the rates 
of diffusion of the constituents through a membrane. Since crystalloids or 
substances in pure solution usually diffuse much more rapidly than colloids, 
the most common dialytic separation is that of crysta1!oids from colloids. The-
oretically, however, this method would separate colloids from crystalloids if 
the colloid diffused more rapidly than the crystalloid. 
The study of base exchange in soils, which dates back to Way,53 received 
new impetus when Morse and Pierce54 noted that the introduction of electrodes 
into the inner and the outer chamber of a dialytic cell speeded up the separation 
of adsorbed ions from the colloidal material enormously. Marsden55 gives a 
good summary of early electrodialysis cells and . gives a description of a .cell 
of his own. 
Cameron and Be1l5G applied this idea to soil examinations a few years after 
the work of Morse and Pierce, but Pauli57 first described the process in detail 
in connection with his work on electrolyte-free proteins. In 1926 Mattson58 
determined the exchangeable bases in soils by leaching with N -ammonium 
chloride or 0.05 N -hydrochloric acid solutions and by electrodialysis in a three-
chamber cell of his own design. This cell consisted of three rubber plates, cut 
in a U-form, and bolted togeth'er between two hard rubber end plates. One 
hundred grams of soil were placed in the central chamber, which was about 
150 cc capacity. This cell does not allow stirring of the soil, and it is said to 
53 J . T. Way, "On the Power of Soils to Absorb Manure," 'J. Roy. Agr. 
Soc. E1Igland, 13 :123-143, 1852, cited by Sante Mattson, "Electrodialysis of the 
- Colloidal Soil Material and the Exchangeable Bases," J. Agr. Research, 33 :567, 
September, 1926 . 
.54 Harry W. Morse and George W. Pierce, "Diffusion und Ubersattigung 
in Gelatine,'" Zeit. Phys. Chem., 45 :600, November, 1903. 
55 A: W. Marsden, "A New Cell for Electrodialysis Especially of Soils," 
J. Soc. Chern. Industry, 59 :61, March, 1940. 
56 Frank K. Cameron and James M. Bell, "Mineral Constituents of the 
Soil Solution," U. S. Dept. Agr., Bur. Soils, Bull. 30 :27, 1905 . 
. 57 Von Wolfgang Pauli, "'Aus der Kolloidchemie der Eiwesskorper," ~oll. 
Z~t., 31 :252, September, 1922. , 
58 Sante 'Mattson, "Electrodialysis' of the Colloidal Soil Material and the 
Exchangeable Bases,': J . Agr. Rese,arch, 33 :555, September, 1926. 
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be difficult quantitatively to remove the acids and bases from the end chambers 
and to clean the cell. Bradfield59 made a similar cell by cutting a hard rubber 
storage battery into three sections but, like Mattson's cell, it is possible that 
some acid or base may be occluded in the surface. 
It is, obvious, therefore, that a glass cell would have the advantages of ease 
of cleaning and of freedom from the adsorption of electrolyte. Cells have been 
made of glass, which were based on the original Pauli pattern while others 
have been of the Mattson plate type but also made of glass. 
Some investigators have reported a cell made from blocks of wood, which 
were afterw'ards waterproofed. This type of cell has very small end chambers 
and a large central chamber, and is not very suitable for routine work. . 
As the quantity of acids liberated during the electrodialysis of a normal 
soil is small compared with the bases appearing in the cathode chamber, one 
investigator combined the anode and central chambers, and produced a two-
chamber cell. The soil is placed in a long alundum thimble, which acts as the 
cathode membrane, and in which the anode is inserted. This thimble is sus-
pended in a glass cylinder which contains the cathode. Owing to the large value 
of the ratio of electro-osmotic flow to iOl~ic transport in the above cell, others 
have modified the system by using a smaller and wider alundum thimble so that 
the whole of the soil is between the electrodes, thus considerably decreasing the 
above ratio. A two-chamber cell using a sintered glass Gooch crucible in place 
of an alundum thimble has been reported. The anode is placed above the soil 
in the crucible and the copper 'gauze cathode is separated by two thicknesses 01 
filter-paper from the underside of the sintered glass dis.c. 
Among the many other types of electrodialysis cells reported may be men-
tioned that in which the mercury cathode is placed behind and in contact with 
the cathode membrane so that an amalgam is formed as the bases are liberate,l 
at ' the surface of the mercury electrode. Reiner's cellGO is made in one piece 
with sintered glass discs sealed into a tube to form the three chambers. WatsonG1 
has reported a cell made in box form from slabs of slate, in which four cells 
are adjacent with carbon plate electrodes separating them and alundum plates 
a.s membranes. 
When a number of determinations of the ' exchangeable bases in a soil is to 
. be made, it is desirable that the cell should be easy to handle and to clean, should 
give reproducible results in a reasonable time, and be comparatively cheap. 
The rubber cells of Mattson and of Bradfield, although cheap, tend to 
absorb the liberated materials and are difficult to clean. No facilities are avail-
able for stirring the soil in the central chamber and this tends to lengthen the 
time of removal of the exchangeable ions. 
In the glass cells the volume of liquid in the central chamber and the quanti-
ty of soil used are large. This entails electrodialysis for some days to ensure 
the quantitative removal of the acids and bases, and in addition these cells are 
expensive. 
59 Richard Bradfield, "An Inexpensive Cell for the Purification of Col-
loids by Electrodialysis," Ind. Eng. Chem., 20 :79, January, 1928. 
60 L. Reiner, "Note on a Simple One-Piece Electrodialysis Apparatus," 
1. Phys. Chem., 35 :423, February 1931. 
61 Paul D. Watson, "Decrease of Salts in Whey Protein by Electrodialysis." 
Ind. Eng. Chem., 26 :641, June, 1934. 
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The two-chamber cells have the advantage of yielding the exchangeable 
bases in a comparatively short time, but the alundum thimbles occlude a con-
siderable amount of calcium and magnesium. After electrodialysis is completed 
these thimbles must be carefully cleaned out and boiled in standard acid to dissolve 
these bases. Acids liberated during electrodialysis may also exert a solvent 
action on the soil in the thimble with the consequent liberation of bases other 
than those in an exchangeable form. 
The mercury cathode cells are not considered convenient to manipulate, 
while the cells with the sintered glass discs are difficult to clean. 
The dialysates may be withdrawn either at specified intervals or continu-
ously and titrated with hydrochloric acid and sodium hydoxide of known con-
centration, the acid titrated against the cathode liquid and the base against the 
anode liquid. After titration the actual constituents may be determined quanti-
tatively by chemical analysis. 
Two distinct types of base-exchange reactions are recognized. The first, 
exemplified by al! negatively charged colloids, is the simple replacement of 
one cation in the outer Helmholtz double layer by another cation. In the second 
type, cations of the crystal lattice are' replaced by other cations which assume 
the geometric position of those displaced yielding a lattice with optical properties 
that differentiates it from the original. The two forms generally are regarded as 
distinct though isomorphous species. 
Base exchange determinations involve either that of total exchange capacity 
·or of· the individual exchangeable bases. Total exchange capacity is the sum 
of the metallic, hydrogen, and ammonium cations. Metal!ic cations may l;e 
determined as a group termed total metallic exchangeable bases, or the individual 
cations, Na, K , Ca, and Mg may be dete;mined. Because the amount of exchange-
able Fe and Al is low and because some colloidal matter is likely to be carried 
in the leach solutions, analyses in the ultimate method are not made for these 
cations. and they are considered to be absent. In the proximate carbonate 
method, Fe and probably Al are included. 
As pointed out by Graham and Sullivano2 in an excellent paper on the study 
of base exchange determination in clays, the total exchange capacity is deter-
mined by (a) electrodialysis or (b) replacement leaching .. In the electrodialysis 
method, the material is converted to the hydrogen form which in turn is treated 
with varying amounts of standard alkali, and the pH of the resulting slip or 
liquid is determined. Plotting the data yields an inflection point from which tlte 
exchange capaci ty is determined. 
In the leaching method, the clay is converted to the ammonium form by 
treatment with ammonium acetate, NH,C2H,O~ or similar solution. The ex-
~ess' lixiviant is removed by washing with alcohol, and the ammonia from the 
ammonium clay · is distilled. for example, by the Kj eldahl method. The am -
monia distilled is equivalent to the total exchange capacity. 
Various methods have been tried to determine exchangeable hydrogen di-
Tectly. Schollenberger and DreibelbisG' leached soi l with ammonium carbon-
ate soluti on and titrated the pregnant solution with standard ammonium hy-
droxide until the pH of the solution equalled that of the original leach liquor. 
62 R. P. Graham and J. D. Sul!ivan, "Critical Study of Base Exchange 
Determination in Clays," I. Am. Ccram. Soc" 21 :176, May, 1938. 
63 C.]. Schollenberger and F. R. Dreibelbis. "Analytical Methods in Ba5e 
Exchange Investigations on Soils," Soil Sci., 30: 165, January, 1930. 
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In the leaching method, a large number of dilute salt and acid solutions have 
been used to determine exchanged bases and exchange capacity. Formerly am-
monium chloride, NH4 CI, was the principal reagent, and it is still used to a 
certain extent. Because it is acidic in nature and not strongly buffered, the 
results are not particularly reproducible. Alcoholic barium chloride has also 
found wide application and is particularly valuable for materials containing 
calcium carbonate, which is relatively insoluble in alcohol. Excess barium caa 
be removed by precipitation as sulfate or chromate. Currently, the most widely 
used solution is IN ammonium acetate which combines the following advantages: 
(1) solution is strongly buffered at a pH of 7.0, (2) excess salt is destroyed 
on ignition, and ' (3) evaporation of leach liquor and ignition of residue leave 
metallic exchanged bases as oxide or carbonate which can be titrated with 
standard acid. 
The soil chemists have been foremost in work on base exchange, and quite 
satisfactory methods have been developed for most soils. Some of the technique 
used by soil chemists is not applicable to highly colloidal materials like clays. 
It was necessary, therefore, to study the methods used by previous investigators, 
to compare the accuracy of different methods, and to develop a method suitable 
for clays and similar ceramic materials. 
In order to determine the base exchange capacity and the pH of exchange 
neutrality, Meyer64 recommends that stock solutions be made up of 0.1 N sodium 
chloride, ·containing 0.0, 0.05, 0.1, 0.2, and 0.3 milliequivalent of added sodium 
hydoxide and 0.05, 0.1, and 0.2 millequivalent of added hydrogen chloride, 
r espectively, per 25 ml of solution. First determine the pH value of each 
of the solutions and plot them against the milliequivalents of added acid or 
base. This will give the curve for the neutral salt solution. Add one gram 
of electrodialyzed clay to 25 ml of each of the stock solutions. Shake one-half 
hour, let stand over night and determine the pH of each. Plot the curve for pH 
versus milliequivalents of added acid or base. The point at which the curve 
for the clay suspension intersects that for the neutral salt solution represents the 
pH of exchange neutrality. At any given pH, the horizontal distance between 
the two curves represents the exchange capacity of the clay in equilibrium 
with the neutral salt (sodium chloride) for chlorine or for sodium, as the 
case may be. 
If the combination of the clay with the cations of the salt has the same sta-
bility as that with the anions of the salt, the pH of exchange neutrality will 
be the same as the isoelectric pH. This is practically true for sodium chloride. 
If sodium sulphate were used the sulphate, forming a more stable compound 
with the clay (being more strongly adsorbed), would displace more hydroxyl 
ions than the number of hydrogen ions displaced by the sodium, thus giving 
the suspension, at exchange neutrality, a pH higher than the isoelectric pH. 
One of the difficdlties in the use of the electrodialysis method of separation 
of the exchangeable bases from the clays is that the end point is not easy to 
determine. Johnson and Norton65 indicate that this is assumed to be the case 
when no change occurs in the pH of the suspension or in current density with 
64 Meyer, op. cit., 251. 
65 A. L. Johnson and F . H. Norton, "Fundamental Study of Clay.: Prepara-
tion of a Purified Kaolinite Suspension, I.," J . Am. Cerant. Soc., 24 :65, January, 
1941. 
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further electrodialysis. In their work on kaolin the electrodialyzed clay was 
redispersed and subj ected again to electrodialysis . . Sometimes three or four 
treatments with NaOH and re-electrodialyses . were necessary before the end 
point becomes constant. 
Because electrodialys is removes only the ionized portion .of compounds, 
it follows that the greater the degree of ionization, the greater the speed of 
removal. Acid- or base-forming monovalent substances are more highly ionized 
than the di- or tri-valent elements or tadicles. A longer period of time therefore 
would be r equired to remove such polyvalent salts by electrodialysis. 
Tests have shown that all inorganic materials cannot be removed from 
clay by a mere "48 hours of electrodialys is." It is questionable in fact if certain 
salts of the polyvalent type can be r emoved by electrodialysis in any practic.ll 
period of time. Electrodialysis therefore is not a "cure-all" in any sense of the 
word, and the actual condition of the sample after such treatment should not 
be taken for granted. . 
Several studies have been made of ·the flow properties of electrodialyzed 
clays , but mainly in the slip state concentration:6R , 6 7 ,68 
Using an apparatu~ which has already been described, Sullivan a nd Graham('~ 
studied the torsion properties of clays in the plastic range in which the ex-
changeable bases had been removed and replaced by bases of known concentra-
tion. The exchangeable bases were removed by leaching. 
It is obvious that the particle size distribution of clays will have an appr<!-
ciable effect on the plastic properties. One of the methods for particle size de-
termination is elutriation, a method which consists in classifying the particles 
in a stream of air or water h'aveIing upward with a known velocity and com-
puting the size of the partides just supported from Stokes' law. This method, 
however, is not particularly suitable for sizes below 2 microns, becal1Se the 
velocities become low and the time of the test is greatly extended. 
Norton and Spie]7O have studied the measurement of particle size of c1avs 
and give a very good review of various methods of measurement. Sedimentation 
methods have been used to a great extent by experimenters for determining 
particle size based solely on the velocity of fall of a small sphere in a fluid 
according to Stokes' law. This method seems particularly suit;ble for routine 
measurement of particle size even though it is an indirect method. In this way 
it is possible to measure the diameter of particles down to 0.7 micron. 
There are several methods of computing the particle size by sedimentation. 
One is by decantation of the material in suspension after various time intervals. 
or 'by the beaker method as described by Sclmrecht71 and Davies.72 While tbis 
66 E. C. H enry and N. W. Taylor, "Acid and Base Binding Capacities and 
Viscosity Relations in Certain Whiteware Clays," 1. Am. C e'·011!. Soc .. 21 :P3, 
May, 1938. 
67 S. Spiel, "Effect of Adsorbed Electrolytes on Properties of Monu-
disperse Clay-Water Systems," Ibid., 23 :35, February, 1940. 
68 Johnson and Norton, op. cit .. 67. 
69 J. D. Sullivan and R. P. Graham, "Effect of Exchangeable Bases un 
Torsion Properties of Clays," 1. Am. Ccram. Soc., 23 :42-50, February, 1940. 
70 F. H. Norton and S. Spiel, "The Measurement of Particle Sizes in Clays," 
1. Am. Cera11~ . Soc. , 21 :90-91 , March, 1938. . 
71 H. G. Schurecht, " Sedimentation as a Means of Classifying Fine Clay," 
IQid. , 4 :812, October, 1921. 
72 R. J. Davies, R. A. Green, and H. F. E. Donnellv, "Some Researches on 
China Clay," Trans. Cemln. Soc. (England), 34:180, 1937. 
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method requires a long period of elapsed time, it is carried out simply. Another 
method consists in determining the solid content of the suspension after various 
intervals of time by drawing off a small sample with a pipette at a definite ' 
level. This method has been described by Schramm and Scripture'3 and ha~ 
been used extensively abroad by Andreasen74 and others. 
The weighing-plate method described by Svedberg and Rinde75 measures 
the weight of the accumulated sediment on a plate, while the manometer method 
described by Kelly7G measures the specific gl-avity of the suspended material 
at a certain height by means of a side arm containing the pure liquid. The 
plummet method measures the specific gravity of the suspended material 3.t 
a definite height from the surface and at definite time intervals by the change 
in weight of a plummet suspended on a fine wire from the balance beam. 
The hydrometer method consists in measuring the specific gravity of the 
suspension at definite intervals and at a definite distance from the surface of 
the liquid by the direct reading of a hydrometer. This hydrometer method 
is referred to as the Bouyoucos method and nomographic charts have been made 
to make the computation of the ' particle size comparatively simple. 
For measurement of the finer particle sizes, the centrifuge has been de-
scribed by a number of experimenters. More recently the soil chemists have 
used the centrifugal method for determining the fine fractions in soil. This is 
usually accomplished, as described by MarshalF7 in a basket centrifuge from 
which samples are taken with the pipette at different time intervals. 
The microscope, of course, can be used to measure particle sizes, and, as 
this is a direct method, the results are subject only to a correction factor for 
the diffraction in the mounting medium. It is possible, however, to measure 
particles only above 0.5 micron in diameter as described by Ashley and Emley.7s 
The X-ray method has also been proposed as a means of measuring particle 
size by the broadening of the lines in the powder pattern. This method is used 
primarily for materials whose particles are below 0.1 micron in size. The X -ray 
method, however, has certain distinct advantages in that it is a dircet method 
for measuring crystal size without regard to agglomeration of particles. 
The pressing need for a method capable not only of determining particle 
sizes and particle size distributions, but also of producing monodisperse frac-
tions in amounts necessary for further study resulted in an attempt to adapt 
commercially available supercentrifuges for this purpose. In the course of 
previous investigation it was found that the Sharples supercentrifuge Ca!l 
be readily adapted to the economical separation of suspended matter con-
73 E. Schramm and E. W. Scripture, Jr., "Particle Apalysis of Clays by 
Sedimentation," f. Am. Ceram. Soc., 8:245-46, April, 1925. 
74 A. H. M. Andreason, "Determination of the Degree of Fineness," Ber. 
deut. ke1'01Il. Ges., 11 :675. December, 1930; Ceram. Abs., 10 :459, June. 1931. 
75 T .- Svedberg and H. Rinde, "Determination of Distribution of Sizes of 
Particles in Dispersed Systems," f. Am. Chem. Soc., 45 :945, April, 1923. 
76 W. J. Kelley. "Determination of Particle Size," Ind. Eng. Chem., 16 :928, 
September, 1924. 
77 C. E. Marshall. "New Method of Determining the Distribution Curve 
of Polydisperse Colloidal Systems," Proc. Ro'y. Soc. (London), 126A:427-39, 
1939; Ceram. Abs., 10:66, January, 1931. 
78 H . E. Ashley and W. E. Emley, "Errors in Determining Size of Grains 
of Minerals and the Use of Surface Factors," Ind. Eng. Clum., 3 :87, February, 
1911. 
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taining particles of colloidal size into practically monodisperse fractions; 
thus it is now possible to study the properties of different sized mono-
disperse systems and evaluate therefrom the function of each particle size on 
the properties or physical make-up of the complete (polydisperse) system. 
,Although this instrument was used even in 1923 by Bradfield79 it was not 
until later that Hauser and Schachmanso developed an equation relating the 
many \'ariables with size fractions produced. The solution of this developed 
equation is quite difficult and is only applicable when the system is not too poly-
disperse and the particles lie in a certain range. This size range is not very 
definitely stated in the literature. Starting with a very polydisperse system, 3.S 
in the case of a raw clay, it might be possible to obtain several fractions which, 
although not monodisperse, might show variations in particle sizes depending 
upon the treatment. 
The Sharples supercentrifuge ' is an accurately balanced cylinder vertically 
suspended from the drive shaft. It is driven by air, steam, or electric motor. 
The concentration is to be selected so that the suspension ' can be considered to 
act like a Newtonian fluid; concentrations of one per cent or less have generally 
been found satisfactory. The suspension is fed into the rapidly rotating bowl, 
passes by two straightening vanes at right angles to each other, and flows up 
the sides of the bowl in the form of a film and out through the weir at the top. 
During passage through the centrifuge bowl, the suspension is subj ected 
to two forces-one parallel to the axis of the bowl, the other perpendicular. 
Consequently, all particles of greater density than the dispersion medium will fol-
low a parabolic path . 
. '\t a given rate of inflow the larger particles will settle out on the walls 
sooner than the smaller particles. Therefore the larger particles will concentrate 
at the bottom of the bowl, while the small particles move to the top. Still smaller 
particles will pass out by the weir because insufficient time is allowed for the 
centrifugal force to act. Decreasing the rate of flow or increasing the centrifugal 
force will cause thes'e smaller particles also to settle out. These facts show 
qualitatively how the centrifugal fractionation is performed. 
79 Richard Bradfield, "The Relation of Hydrogen-Ion Concentration to 
the Flocculation of Colloidal Clay," J. Am. Chem. Soc., 45: 1245, May, 1923. 
80 E. A. Hauser and H. K. Schachman, "Particle Size in Colloidal Sys-
tems," J. Phys. Chern., 44 :587, May, 1940. 
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CHAPTER III 
APPARATUS AND MATERIALS 
1. Apparatus 
I t is comparatively difficult to choose an apparatus with \vhich to study the 
flow properties of clay pastes. Herold and Smothers81 made a study of flow 
type instruments used in many industries, including ceramics, and listed those 
used most often in each. Naturally the type of material and the strengih of 
bond between the particles will influence the choice. The study of the torsional 
properties of a formed clay bar has been used in many instances but in the main, 
ceramic engineers have chosen some modification 0 f the Bingham type of plas-
tometer.82 
The Bingham plastometer was originally used for measuring flow properties 
of paint and consists of a cylinder with a capillary attached to the bottom, the 
flow being actuated by air pressure applied through an opening in the top. The 
air pressure is stabilized by a large reservoir tank in the line and the pressures 
are regulated by connected columns of water. The volume of the extruded 
material is measured by noting the number of drops per unit time, weighing the 
extruded paint, and dividing by the density. An open tube mercury manometer 
indicates the pressure being applied. 
As indicated by de Waele8 3 this method of determining the volume of ex-
truded material does not work so well for clays. A flowmeter was devised 
for this investigation so that the extruded clay thread passed into a container 
with another opening to allow the displaced air to pass through a constriction 
in a glass tube. The back pressure of this escaping displaced air is measured 
by a manometer connected to the tubing just before the constriction. The mano-
meter was calibrated by measuring the air displaced by known amounts of water 
flowing for unit time. 
The extrusion apparatus consisted of a brass .cylinder six inches long and 
having an inside diameter of two inches. Threaded brass orifices of two inches. 
in length and inside diameters of one-eighth and one-fourth inches could be 
inserted flush with the inside bottom surface of the cylinder. Later two brass 
orifices were made with · inside diameters of one-fourth inches and three and 
four inches in length respectively. Glass tubes of inside diameters of qne-eighth 
and one-sixteenth inches were cemented in place inside threaded brass orifices 
of one-fourth inch diameter and two inches in length fiush with the top and 
bottom. A cylinder of approximately three cubic feet ill volume acted as a sta-
bilize·r for the air pressure. The pressures were measured with a standard 
gauge, 0-100 lbs. per sq. inch. This gauge was checked with a dead load tester 
and found to indicate correct pressures. Apparently a mercury manometer can-
not easily be used to determine such high pressures. An open tube mercury 
manometer was added when it was found that some of the mixtUl"eS would 
81 P. G. Herold and W. J. Smothers, "Analysis of Literature on Instru-
ments to Measure Plasticity, Viscosity, and Consistency," .to be published. B1Ill. 
Am. Ceran~. Soc. 
82 E. C. Bingham and Henry Green, "Paint, A Plastic Material and Not 
a Viscous Liquid; The Measurement of Its Mobility and Yield Value," P"OC. 
Am. Soc. Test. Ma.tls., Pt. II, 19 :646, 1919. ' 
83 De Wae\e, op. cit., 46. 
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flow near the zero point of the pressure gauge. A diagram of the apparatus is 
shown in Fig. 10. 
From a study of the literature it was apparent that the investigator con-
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sections from three and one-half inch glass tubing, the two electrode chambers 
being one and one-half inches across and the central chamber two and one-half 
tnches. The anode was of carbon, one-quarter inch thick, three by two inches in 
area. The cathode was stainless steel, two inches square and ~ne-sixteenth 
inch thick. Parchment paper was used for the membranes. The ends were 
sealed with glass plates which served as a stand for the apparatus. A diagram 
of one of the cells used is shown in Fig. II. 
The central chamber had a hole in the top to permit ,the introductioi1 of 
the clay and to admit a stirrer. It has been shown that a slow stirring action 
speeds the removal of the adsorbed ions. The end chambers had holes in the 
top and bottom to allow draining and filling of these chambers. These holes 
were made by etching through the glass with hydrofluoric acid. The motors 
for the stirrers were of the small six volt auto heater type and were run off 
the 110 volt AC line with the interpolation of a six volt copper oxide rectifier. 
Glass rods served as stirrers . 
.'\. Sharples supercentrifuge powered by compressed air was used to obtain 
different sized fractions of the clays. ' In conjunction with this apparatus a 
pressure tank of approximately one and one-half cubic feet in volume served 
to force the dilute clay slip through the centrifuge at a given pressure. 
38 MISSOURI SCHOOL OF MINES 
Fig. 11 
ELECTRODIALYSIS CELL 
Particle size was determined by the pipette method. One liter graduates 
were the containers for the clay and five mL pipettes were used to withdraw 
the samples. The samples were placed in No. 0 porcelain crucibles to be dried 
and weighed. The depth the pipettes extended into the liquid was adj usted by 
moving them up or down in a tightly fitting large cork stopper which would 
rest on top of the graduate when in place. 
A constant temperature bath set at 30°C was used to age the days in order 
to bring about better water distribution. The samples were placed in the bath 
in watertight pint jars. 
The pH meter used was of the Beckman type, laboratory model G, using 
the glass electrode. 
Modified Ostwald viscosimeters were used to measure the relative viscosity 
of clay slips. Number 436 had an inside diameter of 1.84 mm., Number 325.\, 
1.23 mm., and Number 125A, 0.61 mm. 
II. Materials 
The clays used in this study were Florida, North Carolina, and Georgia 
kaolins. The North Carolina kaolin is primary; it was weathered in place, 
while the other two named are transported clays. Florida kaolin is considered 
by some to be comparable to a ball clay because of its high plasticity. 
The Florida and North Carolina kaolins were obtained from the United 
Clay Mines and the Georgia kaolin was obtained from the Edgar Plastic Kaolin 
Company. 
Chemical analyses were run and the results are given in Table II. Consider-
ing the formaula of the mineral kaolinite to be AI20 3 ·2SiO .. 2HzO the r atio of 
alumina to silica is 0.85. On the basis of the chemical analyses the ratios for 
the clays are as follows: . 
Georgia kaolin ________________________________________ 0.99 
Florida kaolin _________________________________________ 0.83 
North Carolina kaolin __________________________________ 0.78 
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From the above ratios some free quartz might be expected in the Florida and 
North Carolina kaolins. Upon examining the clays with the petrographic micro-
scope the two clays mentioned were found to have about two or three per cent 
quartz and mica as impurities. The Georgia kaolin, as might be expected, 
showed little to no quartz or mica. The high ratio for this clay may be ex-
plained by the fact that it is associated with various gradations of kaolinitic 
bauxite. The index of refraction of the clay material in all three samples was 
in the kaolinite range. 
TABLE II-CHEMICAL ANALYSES of KAOLINS 
Georgia Florida North Carolina 
. SiOz 42.01 46.40 46.01 
Al20 3 41.5 38.6 36.0 
Fez0 3 0.30 0.38 1.5 
CaO 0.60 0.07 0.01 
MgO 0.47 0.22 0.03 
TiO z 0.72 0.24 0.05 
Na?O 0.17 0.14 0.40 
K/) 0.30 0.21 0.81 
Ig. Loss 13.65 14.00 15.30 
Total 99.72 100.26 100.11 
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CHAPTER IV 
PRELIMINARY INVESTIGATION 
1. Distribution of Water 
One of the more difficult phases of the study was the mixing of the clay 
and water to give a uniform mixture and also one which would be easily re-
producible. Using F lorida kaolin as the pi lot material it was found that a mix-
ture of 150 gm. of clay to 100 m!. of dist illed water with the one-eighth by two 
inch orifice seemed to give the best flow results. Distilled water was used i!l 
all cases. Since all water contents included here are on the dry basis this would 
indicate that the above mixture shou ld be 66.6 per cent by calculation. 'Nith 
this thick a material. it was thought necessary to mix the clay and water by 
hand to insure a uniform mixture without an excess of air. The water was added 
to a 400 m!. beaker and the clay added slowly , about five to ten grams at a 
time, the material being. stirred with a glass rod as the mixing progressed. \lVhen 
all the clay had been added the mix ture was removed from the beaker and 
worked in the hands unti l a fairly uniform mixture was assured. This was 
accomplished by working the clay into a cylinder, breaking it in two, placing 
the two parts side by side, and then reworking it into a cylinder again . Judging 
by appearances seven times of breaking of the cylinder and reworking was 
assumed to be sufficient. 
In order to fur ther distribute the water a test was made to determine the 
length of t ime necessary to age the batch at constant temperature. Blanks of 
Florida kaolin were made by t he above procedure and placed in a constant 
temperatur e bath to age for 24, 48, 72, and 96 hours at 30± 0.s degrees Centi-
grade. These blanks were placed in the cylinder of the plastic flow apparatus 
and using the one-eighth by two inch orifice were forced out under a pressure 
of thirty pounds per square inch. The flow was measured by colIeeting the 
extruded mater ial in weighed test tubes and noting the time necessary to pro-
duce that sample. Ten samples of the same blank were taken after the orifice had 
been fi lIed with clay before starting the test. The water content of each sample 
was determined to give an average water content for each blank aged for a dif-
ferent length of time. The permissible deviation between samples for the same 
blank was ±0.7 per cent because of the accuracy of weighing. Table III gives 
the data obtained. 
TABLE III- RELATION OF W A'tER DISTRIBUTION TO TIME OF AGING 
Time of Aging · Average Water Content Deviation (per cent) 
(hours ) (per cent) + 
0 67.6 1.2 1.3 
24 67. 1 0.9 0.6 
48 65.3 0.7 0.6 
72 66.4 1.0 0.8 
96 65.9 1.0 0.6 
From the above table it is indicated that some aging is necessary and that 
twenty four or forty eight hours seems to be sufficient. Strangely enough the 
distribution of water did not seem to increase with aging after forty eight hours. 
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For this work the standard procedure adopted \vas to age the batch for twenty 
four hours at a constant temperature of thirty degrees Centigrade. 
The flow values measured at constant pressure proved not to be constant 
for a given blank. Graph No. 1 shows how these values varied for each 
successive sample. It is noted that the flow values are low at first, rising rapidly 
to a fairly constant value after the third trial 111 all cases of aging. The range 
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FLOW OF AGED BATCHES OF FLORIDA KAOLIN 
TABLE IV-AVERAGE FLOW VALUES OF AGED BLANKS 





















This variation in flow values may be explained in part by the vanatlOn in 
average water contents. A higher average water content would naturally give 
a higher average flow value. From the description of the method given to 
measure the flow it can easily be seen that it is not too accurate. One of th" 
disturbing factors was the presence of air bubbles in the extruded thread which 
brought down the weight of clay coll1'!cted for that sample. This in turn gave 
a low flow value since the time was ·not affected. The. water contents were 
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accurate to ±0.7 per cent due to the method of weighing which caused a varia-
tion of 0.008 gm.jsec. variation in the flow values. 
II. Flow Measurement Calibration 
After observing that the presence of air bubbles in the clay mas s had 
such a variable effect on the observed flow, it was decided to measure the air 
displaced by the extruded sample. If the minimum steady flow were observed 
in an apparatus of this type the amount of clay flowing from the orifice would 
be indicated. 
A wet test gas meter was first used to measure the rate of air displacement 
but was entirely useless as the rate was extremely small (i n the r ange of 0 to 1 
cc. per sec.). Thus it was necessary to use a manometer with a light weight 
liquid such as water with a small concentration of Hel to reduce the surface 
tension. The manometer was constructed to measure the back pressure obtained 
when the displaced air flow ed through a very small ori lice. The manometer 
was calibrated by displacing air with water at known rates of fl ow and observing 
the corresponding manometer reading. 
A five liter bottle was filled half full of water and laid on its side on a 
ledge approximately two fe et above the top of the table. The cork of th e bottle 
had two openings, one for a ·tube which was above the surface of the water 
and another for a tube which was below the surface. In this manner it was 
possible to drain off at least several hundred m!. of water without any appreciable 
change in head. The water flowed into a 250 m!. graduate from which the dis-
placed air went to the flowmeter apparatus. Manometer readings were taken 
for several rates of flow of the water determined with the aid of a stopwatch. 
At least twenty m!. of water were ~llowed to flow for each setting of the con-
trol valve to give a sufficient time interval for high accuracy. The size of the 
orifice on the flowmeter apparatus was changed by applying a match to the tip 
to decrease the size of the opening and broken off to give a larger opening. The 
orifice was first made 'by heating and drawing out a glass tube one-eighth inch 
in diameter. The attempts at changing the size of the orifice proved that the 
flow values in this range were quite easily changed by large amounts with only 
a slight treatment. Attempts were made to obtain a calibration curve with a 
tangency of 'one. 
Leaks in the calibrating apparatus were rather easily noted because the 
point obtained for that particular run would be far above the trend of the curve, 
a low manometer reading being obtained. Graph No. 2 shows the first curve 
whleh was obtained. The data for the calibration appears in Appendix A, As 
might be expected the relationship is a straight line passing through the origin, 
or very nearly so. 
At first the orifice became easily clogged with dirt from the system and it was 
necessary to break the tip of the glass and start over again on the calibration. 
During this recalibration it was noted that apparently the size of the orifice, 
the taper, and length of the tube had some effect on the calibration curve obtained. 
A type of turbulence took place as evidenced by the parabolic curve in Graph 
No.3. 
To check whether the volume of the flow calibration system could affect 
the curve, a volume was added which was comparable to that of the receiver 
to be used on the plastic flow apparatus. It was found that this had no apparent 
effect. 
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III. Water Content Determination 
After the flow measurement apparatus had been added to the plastic flow . 
apparatus, the water content s were determined by removing some of the re-
maining plastic mix from the cylindrical container, weighing the mass wet, 
drying at 1100 e, and reweighing. The material removed was near the opening 
iI~ the bottom of the cvlinder so it should have been fairly representative of 
the extruded material. - The weight of the wet sample was usually between 
twenty to fifty grams. 
IV. Starting Pressure 
The orifice should be filled with clay before flow readings are taken in 
order that they might be comparable. The question was at what pressure should 
the orifice be filled. By filling the orifice at a given pressure and then dropping 
down to a pressure of thirty pounds per square inch and noting flow valucs 
with respect to time it was foulld that any starting pressure above thirty pounds 
per square inch would give a COI15tant flow reading in a few seconds. The 
material extruded was the Florida kaolin ISO gm. c1ay-lOO ml. water batch. 
A starting pressure a f eighty pounds per square inch was adopted for most of 
the samples after which the pressure was decreased to the lowest value desired 
and then raised in steps to give resultant flow r eadings. 
V. Choice of Orifice 
As previously mentioned there were several orifices which might be used 
on the plasticity apparatus. Four batches of Florida kaolin were made. 150 gm. 
of clay to 100 ml. of distilled water. The orifices used were the byo brass, 
one-eighth by two and one-fourth by two inches, and two glass inserts in the 
brass ones, one-eighth by two and one-sixteenth by two inches. The curves 
obtained are shown in Graph No.4, the data appearing in Appendix A . . Most 
of the curves obtained in the remainder of this investigation were made with 
the brass orifice, one-eighth by two inches. 
After a few cur ves had been drawn of a 150 gm. Florida kaolin-lOO ml. 
water mixture the question came up as to whether the peculiar type of curvc 
produced would be affected if the flow were started at the highest pressure and 
decreased in the same steps as when the opposite procedure was used. Result , 
are shown in Graph No.5, the data is to be found in Appendix A. Instead of 
a roughly parabolic curve being obtained when flow was plotted against pres-
sure, a reverse curvature was noted after flow had begun. The two methods 
used did not change the type of curve obtained as is shown in the graph. A 
general curve of this type was indicated even in the rough measurements first 
used of collecting the extruded material and weighing to obtain flow values. 
The brass orifices three ann four inches in length and one-eighth inch in 
diameter were made for the purpose of studying the effect of length of the ori-
fice with respect to the type of curve produced. Data in the literature seemed 
to indicate that for capillaries the length was fairly important. A brass insert 
for the cylinder was also made. seven-eighths inches high, tapering from the 
top downward toward the center so that a hole at the bottom and at the center 
of the insert was one-quarter of an inch. 
A mixture of Florida kaolin. 110 ml. of water to ISO gm. of clay, W;I, 
placed in the cylinder along with the brass insert. Instead of forcing merely 
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a center plug of material from the cylinder, the insert should "funnel" all parts 
of the sample into the orifice. The orifice used for this test was the one-eighth 
by two inches. Flow readings were taken for various pressures. 
Using the oneceighth by three inch orifice a rnixture of 150-150 of Florida 
kaolin and water was placed in the cylinder and flow values obtained. 
The one-eighth by four inch orifice was inserted in the bottom of the cylinder 
and the material studied was a mixture of 160 m!. of distilled water to 150 gm. 
of Florida kaolin. 
In another test the sample was of the same proportions as the last men-
tioned but the brass insert was used along with the one-eighth by four inch 
orifice. 
The curves obtained from the above are shown in Graph No.6, the data 
being given in Appendix ,A. All of the curves show the reverse curvature in 
the lower portion. The water contents necessary to give appreciable flow for 
orifices other than the one-eighth by two inches in this analysis were much 
too high for the range in which this study was to be concerned. Therefore 
the use of the one-eighth by two inch orifice without the insert was adopted 
as a standard for the remainder of this work. 
VI. Mechanical Mixing 
To further distribute the water the blanks, after being formed by the method 
previously described, 'Yere put through a small meat grinder, reformed into 
cylinders and then aged in the constant temperature bath for twenty four 
o. 
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hours. Apparently the only effect produced was to lower the water content of 
the batch slightly, the curves still being of the same type for the one-eighth 
by two inch orifice. Accompanied with the slight decrease in water content 
the curves were slightly shifted with respect to those which were not subjected 
to the mixing'-"':the flow obtained was slightly less for a given pressure, this 
difference increasing with increase in pressure. The curves are shown in Graph 
No.7. The decision was that this mixing was not necessary to further dis-









10 !.bo ./lD. 2 L----=:.::.J.-"'...,:;~~-.....::;:.L---=..l-... -~L--__T:.:.J----'-5ID7Il-.. /C •. 2 xl06 
Pre •• ura 
Graph No.7 
EFFECT OF SPECIAL MECHANICAL MIXING ON FLOW 
48 M I SSOURI SCHOOL OF MINE S 
CHAPTER V 
EFFECT OF WATER CONTENT ON FLOW PROPERTIES 
:'10st of the previous work on water content has been to note the effect on 
the "flow-point pressure," or in other words the pressure at which flow began. 
The relationship of the two variables has I been shown to be hyperbolic, a high 
water content would naturally bring about a low pressure at which flo w would 
begin. 
Starting with Florida kaolin batches were made as shown in Table V , the 
average water contents being for five batches of the same mixture. 
TABLE V - WATER CO NTENTS OF FLORIDA KAOLIN MIXTURES 
Clay \ATater Theoretical Average Water ± Deviation 
(gm.) (m!.) \ATater Content Content (per cent ) 
(per cent) (per cent) 
150 90 60.0 59.8 2.0 
150 95 63.3 61.8 0.3 
150 100 66.6 66.6 0.4 
150 115 76.6 . 79.3 0.5 
I t was found a little more difficult to obtain a low figure for the deviation 
in water contents for a given mixture of this clay. The above figures and th05e 
following were checked more than once by making five batches at a given water 
content to check both water contents and fl ow values. 
The flow values obtained for Florida kaolin al'e shown graphically in 
Graph No.8, the data appearing in Appendix B. The reverse curvature already 
mentioned is easily noted on the curves, this effect being not quite so pre-
dominant for the highest watcl' content. The spacing between the curves and 
the pressu re at which flow sta rts appears to be very ro ughly indicative of the 
water contents. 
Th~ water contents fo r the North Carolina kaolin were found to be much 
lower to give flow values comparable to those obtained with F lorida kaolin. 
Table VI gives the batches as prepared, the average water content again being 
the average for five batches. 
TABU: VI-WATER CONTENTS OF NORTH CAROLI NA KAOLIN MIXTURES 
Clay \ATater Theoret ical Average Water ± Deviation 
(gm.) (m!.) Water Content Content (per cent) 
(per cent ) (per cent ) 
225 90 40.0 40.3 0.2 
225 95 42.2 41.7 0.5 
225 100 44.4 43.6 1.1 
225 105 46.6 45 .8 0.3 
225 110 48.9 48.9 0.7 
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The flow curves are shown in Graph No.9, the data appearing in Appendix B. 
The reverse curvature is not quite so noticeable in this set of curves, the lower 
water contents might have something to do with this. The spacing of the curves 
is somewhat indicative, becoming less for the highest water content. 
Georgia kaolin required approximately the same amount of water as did 
North Carolina kaolin to give comparable flow values. Table VII gives the 
water contents of the Georgia kaolin mixtures, five batches being used for 
each water content. 
TABLE VII-WATER CONTENTS OF GEORGIA KAOLIN MIXTURES 
Clay Vvater Theoretical Average Water ±Deviation 
(gm.) (m!.) \Vater Content Content (per cent) 
(per cent) (per cent) 
225 85 37.8 36.7 0.5 
225 90 40.0 39.2 0.4 
225 100 44.4 42.9 0.7 
225 110 48.9 49.2 0.6 
Flow curves obtained for the Georgia kaolin are shown in Graph No. 10, 
the data appearing in Appendix B. For the same range of water contents the 
curves for Georgia kaolin appear to be grouped a little more closely than those 
for North Carolina kaolin. The space between the curve for the highest water 
content and for the next lower water content is less than that between the 
other curves of the Georgia kaolin series. The curves are slightly more erratic 
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CHAPTER VI 
EFFECT OF ADSORBED ION CONCENTRATION 
I. Electrodialysis 
In order to determine the effect of the adsorbed ion concentration it was 
necessary to subj ect the clays to electrodialysis to obtain hydrogen clay. This 
term indicates that the anions removed by the electric current are replaced by 
hydrogen from the water. Treatment of this clay with given amounts of e1ec-
t~olyte p~oduces different degrees of plastic properties, the assumption being 
that the sodium ion, for example, will easily displace the adsorbed hydrogen ion. 
Fifty grams of each clay was placed in the central chambers of the cells 
along with approximately 325 ml. of distilled water. The two end chambers 
were filled about three-fourths full, the volume of distilled water being approxi-
mately 200 m!. The voltage used was 220 De and the current was measured 
with a milliammeter. The voltage gradient across the central chamber was 
eighty-eight volts per inch. The temperature of the water in the central chamber 
did not exceed room temperature by more than a few degrees at the beginning 
of the electrodialysis so the full voltage was used at all times. 
The adsorbed anions will be transported to the cathode and any cations 
will go to the anode. The resultant reactions in the two end chambers will 
make the cathode liquid basic and the anode liquid acid in character. 
Some of the early investigators titrated the dialysates with standard acid 
and base to indicate the completion of the process. To adapt this idea, Florida 
kaolin was subjected to electrodialysis, the electrode liquids being withdrawn 
at intervals of one, two, three, four, five, six, and twelve hours. Further samples 
were taken two and three days after the starting time. The NaOH used [or 
titration was standardized against acid potassium phthalate and the Hel against 
the NaOH. The indicators used were bromthymol blue and neutral red because 
the end point for these two indicators is approximately at a pH of seven. The 
base had a normality of 0.054 and the acid 0.049. Each m!. of the NaOH would 
contain 0.054 milli-equivalents of that substance and the value for each m!. 
of Hel would therefore be 0.049 inilli-equivalents of He!. 
The total milli-equivalents of Hel used for the above time interval for the 
Florda kaolin varied from 2.33 to 1.02, the values mainly lying in the former 
range. The total milli-equivalents of NaOH used varied from 3.87 to 2.86 . 
. With such a variation in values the decision was that this method was not ;n-
dicative of the amount of electrodialysis which had taken place. The relatively 
large amount of anions is caused by treatment of the clay with alum in the 
processing. This would probably leave a cOQcentration of sulfates. The sulfate 
ion would not be removed until the reaction had been going on for some time 
because the divalent ions are more difficult to remove than the univalent ions. 
For this reason the pH of dialyzed clay might be above that of the raw ·clay. 
As was previously mentioned the rate of change of current with respect to 
that of the pH has been used to indicate completion of the reaction. For the 
above time interval of a total of four days in the case of Florida kaolin the 
current changed from forty to two milliamperes. The pH changed from 4.6 to 
4.4. ' The change in pH 'indicated was not linear in character; for some reason 
the values would increase rather than decrease for a given set of readings ~s 
time progressed. 
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The sample for determining the pH was withdrawn from the central chamber 
with a five mI. pipette at the times designated and run on the Beckman pH meter. 
The current values for North Carolina kaolin changed from seven to three 
milliamperes while the pH changed from 5.8 to 5.3. 
Since the current values changed only slightly in four days for Georgia 
kaolin the electrodialysis was continued for one week. The resultant current 
values changed only from forty to twenty milliamperes and the pH changed 
from 4.2 to 3.7. 
The cathode liquid became discolored on the second day of electrodialysis 
for all three clays. The high iron oxide content of the North Carolina kaolin 
became evident by virtue of the large amount of dispersed material in the cathode 
liquid at the end of two days. Upon filtration and washing with hot dilute HCI 
the material proved to be iron-apparently no silica was coming off. 
The base exchange was determined as indicated by MeyerS4 by first deter-
mining the pH of a neutral salt solution with added amounts of HCI and NaOH. 
One gram of the dialyzed clay was added to each prepared solution and the pH 
determined again. The solutions were placed in small pyrex bottles and shaken 
for about five .minutes three times a day, the base exchange becoming constant 
after forty hours. The curves obtained are shown in Graphs No. 11, 12, and 13. 
The value of base exchange is usually expressed as the number of milli-
equivalents per 100 gm. of clay at a pH of 7.0. Florida kaolin had a base ex-
change of 4.5 mil Ii-equivalents and the pH of exchange neutrality was 4.4. 
North Carolina kaolin had a base exchange of 3.1 milli-equivalents and a pH of 
exchange neutrality of 5.8. The base exchange for Georgia kaolin was 4.0 and 
the pH of exchange neutrality was 4.7. 
The pH of exchange neutrality is that point at which the clay particles 
adsorb equal numbers of the cations and anions of a neutral salt. The pH value 
of the suspension of the electrodialyzed sample is called the ultimate pH, which 
lies between pH 7.0 and the iso-electric pH. A clay with low ultimate pH is 
therefore one with a strong tendency to ionize as an acid. 
The ultimate pH of Florida kaolin was 4.8, for North Carolina kaolin 5.8, 
and for Georgia kaolin, 4.9. 
II. Settling Tests 
Five grams of each of the three raw clays was placed in a pint jar along 
with approximately 200 mI. of distiIled water and a certain amount of electro-
lyte so that a series of samples would contain 0 to 0.9% NaOH on the basis 
o( the dry clay in 0.1% steps. After rotating end over end for twenty-four 
hours the jars were removed and the sample placed in a one liter graduate, 
filled to the mark and shaken. The amount of NaOH necessary to produce 
maximum I deflocculation was judgc;d by the amount of material which had · 
settled and that which stayed in suspension as time progressed. For maximum 
deflocculation the assumption was that a minimum amount would settle and 
a maximum amount would stay in suspension. Twenty-four hours was the length 
of the test. 
On this basis the amount of electrolyte necessary for maximum defloccula-
tion was found to be 0.7% for Florida and North Carolina kaolins and 0.80/r 
for Georgia kaolin. 
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III. Relative Viscosity Tests 
Two hundred ml. of thirty per cent slips were made of raw Georgia and 
North Carolina kaolins while a twenty-five per cent slip was made of raw Florida 
kaolin. To each slip NaOH was added to form a series containing 0 to 0.8% 
in steps of 0.1 'fo . After mixing thoroughly and allowing to set for twenty-four 
hours the relative viscosity was run using modified Ostwald viscosimeters at a. 
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Graph No. 17 
EFFECT OF ADDED NaOH ON FLOW OF FLORIDA KAOLIN 
The data obtained is shown in Appendix C, the curves appearing in Graph 
No. 14. A low value of relative viscosity is indicative of deflocculation. Georgia 
and North Carolina kaolins showed a low for 0.2% NaOH; Florida kaolin 
gave a low value for 0.1 % NaOH . 
IV. E1ectrodia1yzed Clays 
Starting with electrodialyzed Georgia kaolin batches were made 225 gm. 
clay to 85 ml. of distilled water containing 0, 0.15, 0.3, 0.5, and 0.8% N aOH. 
The curves obtained are shown in Graph No. IS, the data appearing in Appendix 
C. For a mixture of this proportion the most fluid was found to be the one 
containing 0.3% NaOH. 
The curves obtained for North Carolina kaolin 225 gm. clay to 90 ml. of 
water with the plastic flow apparatus are shown in Graph No. 16, the data 
is shown in Appendix C. The percentages of NaOH added were 0, 0.15, 0.3, 
0.5 and 0.7. The curves for the last three percentages named lie very close 
together. 
The percentages of NaOH added to Florida kaolin were 0, 0.3, 0.5, 0.7 and 
1.0. The most fluid as seen in Graph No. 17 was the one containing 0.7% N aOH. 
The mixtures were made up of ISO gm. clay to 100 ml. of water. The data 
obtained appears in Appendix C. 
CON CENTRA TED CLA Y-\V ATER MIXTURES 
CHAPTER VII 
EFFECT OF PARTICLE SIZE 
I. Preparation of Samples 
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The Sharples supercentrifuge, although primarily intended to be used to 
separate the fine fractions of clay, was used to bring about a partial separation 
of raw clay so that one particular range of size of particles was predominant in 
a given sample. If the rate of feed were fast and the rate of rotation of the 
cylinder slow the coarser portion of the sample would be removed. 
The pressure tank was added so that the rate of flow might be larger than 
that obtained by the head and also the rate of flow could be kept constant. .'\ 
speed of about 9,000 r.p.m. was necessary to keep the water in the cylinder. 
Approximately thirty liters of distilled water, 293 gm. of Florida kaolin, 
and 2.05 gm. of N aOH (0.7%) were added to a large ball mill which was 
rotated overnight. The pressure tank held about fifteen liters so this material 
was sufficient for two batches. The pressure used on the liquid was 2.5 Ibs.jsq. 
inch, the · rate of flow being 80 ml./ second. After passing the material through 
the centrifuge at 9,000 r.p.m. the filtrate was then passed through at a speed 
of 16,000, then at 25,000, and finally at 35,000 r.p.m. Particle size above twenty 
microns was then determined on the material separated at each of the above 
speeds. 
Particle size was determined by placing five grams of clay in a pint jar 
with some distilled water, rotating end over end for twenty-four hours, and 
then adding to a one liter graduate. The times at which to withdraw a sample 
with a five m!. pipette were calculated by use of Stoke's equation. The five mi. 
samples were placed in No. 0 porcelain crucibles, dried at 110°C and weighed. 
The particle size of the samples above twenty microns run on Florda kaolin 
are given in Table V III. 
TAEiLE VIII-PARTICLE SIZE OF SEPARATED FRACTIONS OF FLORIDA KAOLIN 
Speed Pressure Amount Particle Size 
(r .p.m.) ( # / in. 2 ) (per cent) (microns) 




From the above table it was obvious that a higher pressure than 2.5 Ibs/ in. 2 
would have to be used in order to remove the major part of the coarser portion. 
Two samples of Florida kaolin were run at 9,000 r.p.m. and pressures of 
fifteen and thirty pounds per squar,e inch on separate portions of the liquid. 
Particle size was determined on the material separated and the r esults are 
shown in Table IX. 
A much better separation of the coarser portion is obtained using a feed 
pressure of thirty pounds per square inch. The rate of flow for this pressur<' 
was 125 ml./ second. 
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Taking the filtrat e ' from the above procedure the material was passed 
through the cylinder at a speed of 40,000 Lp.m. , a portion passing through 
under pressure of 2.5 and the other thirty pounds per square inch. The particle 
sizes of the material separated are shown in Table X. The feed pressure at 
a speed of 40,000 Lp.m. was taken as thirty pounds per square inch. This feed 
pressure gave a better separation of the finer portion than did the 2.5 Ibs./in." 
pressure. Apparently a comparatively large amount of +20 micron material was 
still coming through so two passes were made at 9,000 and 40,000 r.p.m., the 
material from each pass being kept separate. · This procedure was adopted for 
the other two clays studied also. The amount of NaOH added was 0.7% for 
North Carolina kaolin and 0.8% for Georgia kaolin. 
The final filtrate from the procedure was evaporated and the particle size 
on Florida kaolin fines were run. The results are shown in Table XI. 
The particle size of the raw clays were run and the results are shown 111 
Table XII. 
The particle sizes of the first pass at slow speed and the first pass at high 
speed for Georgia and North Carolina kaolins are shown in Table XIII. 
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TABLE X- EffECT OF FeeD PRESSURE AT HIGH SPEED 
Speed 
(r.p.m.) 
P r essure 
( # / in.2 ) 
Amount 
(per cent ) 



















































TABLE XII- PAR'fIeLE SIZE OF RAW CLAYS 
( +20) (20-10) (1~5) (5- 2) (2- 1) 
5.2 6.0 lOA 14.8 8.8 
1.2 17.2 2404 19.2 6.0 
5.2 9.6 14.4 19.6 18.4 
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TABLE XIII-PARTICLE SIZE OF SEPARATED GEORGIA AND NORTH CAROLINA KAOLINS 
NOI,th Carolina kaolin 
Speed, 9,000 r.p.m. 
(+20) (20-10) (10- 5) (5- 2) (2-1) (1-0.5) Total 
4.4 23.6 34.0 23.6 8.0 5.2 98.8 
Speed, 40,000 r.p.m. 
4.0 10.0 4.4 2.8 2.4 24.0 47.6 
GeOl'gia kaolin 
Speed , 9,000 Lp.m. 
3.2 6.8 18.4 34.4 24.8 10.0 97.6 
Speed, 40,000 r.p.m. 
4.8 6.4 8.0 3.2 12.8 34.8 70.0 
The two fractions shown in Table XIII for Georgia and North Carolina 
kaolins and the material from the first pass at slow speed and the fines of 
Florida kaolin were used for the tests with the plastic flow apparatus. 
II. Flow Tests 
The curves obtained for a mixture of 150 gm. of Florida kaolin to 100 m!. 
of distilied water are shown in Graph No. 18. The coarse fraction proved to 
be much more fluid than the fine fraction. The data appears in Appendix D. 
A mixture of 225 gm. of Georgia kaolin to 100 m!. of distilled water for 
the two fractions gave the curves shown in Graph No. 20. In this case the 
coarse fraction was much less fluid than the fine fract ion, the material which 
flowed through the orifice contained more water than the mass left in the cylinder. 
the water was squeezed out of the mass to allow some flow to take place. 
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CHAPTER VIII 
DISCUSSION OF DATA 
1. Water Content 
Since the range of water contents studied here have not been used before 
ill an instrument of. this type to give flow curves good curves could not be 
expected as indicated by Bingham and Scott Blair. The deviation from the 
parabolic form seems to increase with an increase in plasticity, -i.e. , low value;; 
of flow for high values of pressure. 
The equation for an exponential type curve might be represented by 
y = k1xn 
where y = rate of fl ow 
k, = constant 
x = pressure 
n = constant 
For a given value of n an increase 1Il k, causes a positive proportional shift 
along the y axis. 
Upon plotting log fl ow against log pressure curves were obtained which were 
practically straight lines passing through the points indicating relatively low 
Row values. At higher flow values the curves departed from a straight line 
indicating that the exponential type of equation does not hold for that portion 
beyond the reversal of curvature noted on the original graphs. Ostwald has. 
shown that for curves in which structural viscosity was indicated the portion 
of the curve UJl to the reversal i~ comparable to those obtained by Bingham 
and Scott Blair. 
For the straight lines drawn on the log flow-log pressure graph a decrease 
in the flow value at which the reversal in curvature took place and an increase 
,n k, for an increase in water content was noted. 
The exponential type equation assumed postulates that the curve must pass-
thr~ugh the origin. The logarithmic curves drawn from observed data give 
intercepts on the pressure axis. By displacing the y axis this amount the equa-
tion would be altered to 
y = k, (x - k2)n 
where k2 = intercept on x axis 
For an increase in water content the value 0 f the pressure intercept decreased_ 
Taking the intercepts of the fl~w curves on the pl-essure axis from Graphs-
No.8, 9, and 10 and plotting against water contents <1,. hyperbolic type of rela-
tionship was indicated. Plotting water content against reciprocal pressure, the 
pressure being in pounds per square inch, straight lines were obtained for the 
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Graph No. 21 
WATER CONTENT AS A FUNCTION OF RECIPROCAL 
PRESSURE INTERCEPT 
239 
W= + 27.0 ______________________________ Georgia Kaolin 
p 
where W = water content in per cent 
p = pressure in Ibs.jin.z 
65 
0.14 
The constants indicated in the above equations are characteristic of the clays 
studied. 
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II. Adsorbed NaOH 
From the curves it was seen that progressing from hydrogen clay to maxi-
mum de flocculation the value of flow for the reversal increased and kl increased. 
Maximum deflocculation was assumed to be the case when the curve was dis-
placed so that small pressures gave large values of flow. Upon further addition 
of NaOH the reverse took place. 
Upon comparison of the curves of the raw clays with those obtained for 
the hydrogen clays the raw clays were apparently more plastic than the hydrogen 
clays. 
The pressure intercept, ko , decreased from hydrogen clay to maximum 
de'flocculation and then increas~d upon further addition of NaOH. Table XIV 
gives the ratios of the pressure intercepts with respect to N aOH concentration. 
III. Particle Size · 
In the determination of particle size the clay must be completely deflocculated 
in order to obtain comparable results. Previous investigation showed that a 
certain amount of sodium pyrophosphate worked fairly well for all clays. 





































Settling tests that were carried out with a concentration of clay equal to 
that used in the particle size tests using N aOH as deflocculant showed cer-
tain percentages of deflocculant to be necessary to bring about the necessary 
condition. Determining the particle size of the three clays using sodium pyro-
phosphate on one hand and the visually. determined amount of NaOH on the 
other gave very nearly the same results. 
Relative viscosity tests on more concentrated slips indicated that differing 
amounts of NaOH were necessary to bring about maximum deflocculation as 
evidenced by a low point in the curve being examined. 
The flow curves obtained with the flow measurement apparatus on very 
concentrated mixtures of clay to water indicated stilI further different amounts 
of NaOH were necessary to bring about complete deflocculation. 
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Table XV gives the percentages of NaOH necessary to bring about maxi-
mum deflocculation as the concentration of clay was increased in the clay-distilled 
water mixture. 
Since the figures on the extreme right in Table XV represent the con-
centration of clay used in the particle size test and in the supercentriiuge, this 
amount of NaOH was used for the clays studied in order to determine the 
effect of particle size. 
As previously explained the Florida kaolin was separated into two differ-
ently sized fractions. The coarse fraction contained about ninety nine per cent 
above one micron while the fine fraction contained only three per cent above 
one micron. The raw clay gave forty per cent greater than one micron. The 
curves for the two fractions were compared with that for the 0.7% NaOH 
curve for the electrodialyzed clay. The coarse fraction had a high value of 
Ie, and a high value for the reversal. The raw Florida kaolin had a value of 
k, between that of the coarse and the fine and a high value for the reversal. 
The fine fraction had a low kl and a ' slightly lower value for reversal than the 
other two. The· pressure intercepts were in the ratio of 1:2 :60 for the fine 
fraction, raw clay, and coarse fraction. 
TABLE XV-DEFLOCCULATION VALUES OF CLAYS 
Concentration of Clay High Medium Low 
Georgia 0.3% 0.2% 0.8% 
North Carolina O.~.7% 0.15% 0.7% 
Florida 1.0% 0.1 % 0.7% 
The coarse fraction of Georgia kaolin contained about eighty~five per cent 
above one micron while the fine fraction contained about thirty per cent above 
this figure. The raw Georgia kaolin had about fifty-three per cent greater 
than one micron. The water content of the electrodialyzed clay was 36.7% 
while that of the two fractions was 43.6%. As previously stated an increase 
. in water content increases the value for reversal and increases the value of 
k, . . The coarse fraction had a high value of k, and a high value for reversal. · 
Compared ~ith the electrodialyzed clay, the value of k l would be still higher 
and that of the reversal sti,.ll higher. The electrodialyzed Georgia kaolin had 
a k , value between that of the coarse and fine fractions and also a median 
value for the reversal. The fine fraction had a value of k, comparable to that 
oJ the electrodialyzed sample with 0.8% NaOH added and a very high value 
for reversal. After compensating for the difference in water content the fine 
fraction had a k, value between that of the coarse and electrodialyzed samples 
and tile value for. reversal was raised still more. Using Graph No. 21 the 
pressure intercept for the two fractions was converted to a water content com-
parable to that of the e1ectrodialyzed clay. The values for the two fractions 
and the electrodialyzed clay checked within two or three pounds per square inch. 
The coarse fraction of North Carolina kaolin contained about ninety-three 
per cent above one micron while the fine fraction contained about twenty-four 
per cent. The raw clay had sixty-one per cent greater than one micron. The 
electrodialyzed North Carolina clay had a water content of 40.3% while the 
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coarse and fine fraction had a water content of 48:9%. The coarse fraction 
apparently had a very high value of k, and a very low value for the reversal. 
Compensating for the increase in water content the apparent value of k, would 
be further increased and the value for reversal would be somewhat increased. 
The electrodialyzed clay containing 0.7% NaOH had a value of k, higher 
than that of the coarse fraction and a value for reversal between that of the 
coarse and fine fractions. The fine fraction had a lower value of kl than the 
other two samples and a value for reversal comparable to that of the electro-
dialyzed clay. After ' compensating for the increase in water content the value 
of kl for the fine fraction was raised slightly while the value for reversal was 
raised so that it was the lowest of the three. The pressure intercept, k2' of 
the electrodialyzed clay is practically the same as that for the coarse fraction 
after compensating for difference in water content by use of Graph No. 21. 
The pressure intercept for the fine fraction is about one-fiftieth of that for 
the coarse fraction. 




In all investigation hitherto undertaken by 'various investigators no single 
value has been measured which might be considered as representative of the 
plasticity of a highly concentrated clay-water mixture. 
Industrial practice has shown that it would be desirable to obtain a single 
comparative value for expressing the workability of ceramic mixtures in the 
range of concentration in which they would retain their own shape under 
their own weight. 
. This primary investigation of flow properties was undertaken with the 
transpiration type of instrument using capillary orifices. Since very high 
pressures would be required to force "plastic" materials through capillary 
openings this work was undertaken to study the data obtained using larger 
openings in order that reasonable pressures might be used. From the first it 
has been necessary to make certain assumptions concerning the flow curves in 
the attempt to obtain a single value. 
The curves obtained here have been observed before but not in the range 
of concentration used here nor with openings larger than capillary. If the 
equation of the type of curve actually observed could be developed it might be 
of interest. Suggestions have been made that the data might be fitted to one 
of the following equations: 
Q/ t = kpn ________________________________________ (a) 
-= k, (p - k2 ) n ______________________________ (b) 
k2 ka 
= k p(1 - - + -) ------------------------- Cc) 
1 P p4 
where Q/ t = rate of flow 
p = pressure 
k, k" k2' and n are constants. 
Equation (a) is representative of a parabolic type of curve, (b) indicates 
a parabolic type of curve in which the .Q/ t axis is shifted an amount equal 
to k2' and C c) is representative of the cumulative effects of a straight line and 
a hyperbolic type of curve along with a shi ft in axis. 
Attempts ·were made to fit the data to one of the above equations and still 
, \ 
another was tried 
k, k2 
Q/t = pC - + + ka + k 4P) p2 p Cd) 
which is representative of the cumulative effect of a hyperbola, a straight line 
and a , parabola along with a shift in axis. 
The portion of the flow curve below the reversal in curvature was found 
to fit the equation 
Q/t = k, (p - k)n __________________ ------------Cb) 
which would indicate that the flow relationship to pressure for this instrument 
bears out .the w~rk of Ostwald, De Wae1e, and others who form a school of 
thought which differs with that of Bi~gham and Scott Blair. 
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The constants k1 , k2' and the flow at which reve r sal 111 curvature took 
place were found to give an indication of the plastic propel·ti es of the three 
clays examined. For a very plastic mi x a low value for reversa l, a low value 
of k1 , and a high value of k2 was found to be the case. The reverse was found 
fo r a very fluid mix. 
The relationship between th e pressure intercept, k 2' and the water content 
for a given clay was found to be hyperbolic giving the general equation 
n W + kz _____________________________________ Cd) 
p 
Vi water content in per cent 
p = pressure in lbs./ in .~ 
k2 and n· are constants for a g iven clay. 
Compari son of the lower portion of the flow curve of North Carolina 
kaolin of 43.6% water content with that of Geor gia kaolin' of 42.9% water 
content. showed that the three constants of equation Cb ) are the same. The 
curve of 66.6% water content of FIOl·ida kaolin was the same as the previous 
two. The amounts of water indicated a re therefore necessary to bring each 
of the clays to the same plasticity. 
Judging from the change in value of the three constants k 1 , k 2' and reversal 
value progressing from hydrogen clay to maximum deflocculated clay indicates 
that a decrease in plasticity has taken place. This follows the well established 
idea that additions of alkali decrease the plasticity of clay. 
'Compensating for differences in water content to bring them to the re-
lationship of 43 :43 :67, all three hydrogen clays had approximately the same 
plasticity. This is to be expected since the base exchange of all three clays 
was approximately the same. 
The colloidal condition o f the Florida kaolin was such that the added 
NaOH did not decrease the plasticity as much as for the other two clays as 
evidenced by the difference in pressure intercept ratios. 
Comparison of the flow curves for the coarse and fine fractions with the 
e1ectr6dialyzed Florida containing 0.7% NaOH showed that the fine fraction was 
much more plastic than the coarse fraction. The electro dialyzed clay curve 
lay between the two, being milch mo re close to that of the coarse fraction. 
The fines, contrary to expectations, did not contribute the maj or part of the 
plasticity. 
The plasticity of the fine and coarse fractions of . deflocculated Georgia 
kaolin are practically the same as that for the clay which was not sized. Exper-
ience has shown that the amount of fine particles in Georgia kaolin does not 
contribute materially to the plasticity as for other clays. This is generally 
thought to be due to a cementing action during the recent weathering of this 
type of kaolin. 
The deflocculated North Carolina kaolin which has not been differentiated 
with regard to particle size has very little plasticity. This is shown by the fact 
that the curve practically passes through the origin but there is still a slight 
reverse curvature indicating som e plasticity. . The fin e; particle sized fraction 
indicates slightly more plasticity which has been experienced with . the other 
clays and is normal. For the coarse fraction an entirely different physical 
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state exist s. T he gr eat amount of large sized particles with low plasticity brings 
about a state in which the lubricating wa ter which is evenly distributed is 
squeezed from the ma teri al in the orifice. This requires high pressure to start 
fl ow. \Vhen flow has been established the material is extruded as a mass having 
partial plasticity. Thi s is evidenced by the curvature of the lower portion of 
the fl ow curve in com parison to the other curves. T he constants indicating 
plastici ty, except fo r the pr essure intercept, show that the material is actually 
not very plastic. 
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APPENDIX A 
DATA ON PRELIMINARY INVESTIGATION 
Graph No. 1 
o Hr. Age Empty Wet Dry Water 
Trial Vh Wt. Wt. Time Flow Content 
Number (gm.) (gm.) (gm.) (sec. ) gm.jsec. (percent) 
15.13 17.99 16.85 11.1 0.258 66.3 
2 15.24 18.57 17.23 8.3 0.401 67.3 
3 15.30 18.61 17.27 7.0 0.473 68.0 
4 14.84 18.54 17.04 7.6 0.487 68.2 
5 15.20 18.78 17.32 7.5 0.477 68.9 
6 14.70 18.20 16.78 7.3 0.479 68.0 
7 15.06 18.52 17.12 7.0 0.494 68.0 
8 15.17 18.96 17.43 7.6 0.499 67.7 
9 14.79 18.44 16.97 7.5 0.487 67.4 
10 14.99 18.41 17.04 6.9 0.496 66.8 
av. 67.6 
24 Hr. Age 
1 15.01 18.14 16.87 11.0 ·0.284 68.0 
2 12.74 15.69 14.50 9.3 0.317 67.3 
3 14.27 17.66 16.29 8.8 0.385 67.6 
4 16.21 19.62 18.25 8.8 0.388 67.2 
5 14.62 18.13 16.72 8.6 0.408 67.2 
6 14. 13 17.63 16.23 8.8 0.398 66.7 
7 15.01 18.34 17.00 8.6 0.387 67.3 
8 13.25 16.57 15.24 8.1 0.410 66.8 
9 15.86 19.19 17.86 8.2 0.406 66.5 
10 13.07 15.88 14.76 7.1 0.395 66.5 
av.67.1 
48 Hr. Age 
1 15.18 17.97 16.86 12.5 0.223 65.8 
2 14.05 16.97 15.81 10.6 0.275 65.9 
3 15.02 18.23 16.96 10.2 0.315 65.5 
4 14.86 18.08 16.80 9.5 0.339 66.0 
5 15.19 18.46 17.17 9.1 0.359 65.1 
6 14.17 17.04 15.91 8.7 0.330 64.9 
7 15.50 18.72 17.45 9.3 0.346 65.1 
8 14.68 18.03 16.71 9.3 0.360 64.8 
9 14.90 18.17 16.89 9.3 0.352 64.7 
10 15.19 18.72 17.32 9.4 0.375 65.5 
av.65.3 
72 Hr. Age 
1 14.81 18.10 16.78 12.5 0.264 66.8 
2 15.13 18.36 17.06 8.2 'U.394 67.4 
3 15.24 18.61 17.27 7.6 0.444 66.0 
4 15.31 18.56 17.26 7.4 0.439 66.6 
5 15.37 18.73 17.39 8.0 0.420 66.3 
6 15.64- 19.24 17.80 8.3 0.434 66.7 
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o Hr. Age ' Empty Wet 
Trial Wt. Wt. 
Number (gm.) (gm.) 
7 14.92 18.43 
8 14.93 18.69 
9 15.17 18.22 
10 15.89 19.32 
96 Hr. Age 
1 13.60 16.12 
2 13.49 16.57 
3 14.69 17.94 
4 13.64 17.13 
5 13.62 16.98 
6 14.53 18.19 
7 14.97 18.55 
8 14.60 18.23 
9 13.82 17.76 
10 14.75 l8,13 
Graph No.2 
Calibration of Flow Apparatus 








Calibration of Flow Apparatus 



























































68.5 - 68.0 = 0.5 
68.9 - 67.7 = 1.2 
69.4 - 67.2 = 2.2 
69.8 - 66.9 = 2.9 
70.3 - 66.3 = 4.0 
71.5 - 65.1 = 6.4 
Manometer (cm) 
71.5 - 71.1 = 0.4 
72.0 - 70.65 = 1.35 
72.2 - 70.4 = 1.8 
72.2 - 70.3 = 1.9 
) 3.35- 69.3 = 4.05 
74.05- 68.6 = 5.45 
Flow Data for One-Sixteenth by Two Inch 
Pressure 
Glass Orifice 










68.70 - 68.90 = -.2 
68.70 ·- 68.90 = -.2 
68.00 - 68.85 = - .05 
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65 4.48 68.80 - 68.75 = 0.05 
75 5.17 68.90 - 68.70 = 0.2 
85 5.86 68.95 - 68.65 = 0.3 
95 6.65 69.10 - 68.55 = 0.55 
105 7.23 69.15 - 68.50 = 1.35 
Flow Data for One-Eighth by Two Inch Glass Orifice 
0 69.50 - 69.60 = - .1 
25 1.72 very slight 
30 2.07 69.55 - 69.55 = 0.0 
35 2.41 69.65 - 69.40 = 0.25 
40 2.75 69.85 - 69.15 = 0.7 , 
45 3.10 69.95 - 69.10 = 0.85 
50 3.45 70.00 - 69.00 = 1.0 
55 3.79 70.20 - 68.80 = 1.2 
60 4.13 70.30 - 68.70 = 1.6 
Flow Data for One-Eighth by Two Inch Brass Orifice 
0 71.35 - 71.30 = 0.05 
20 1.38 very slight 
25 1.72 71.40 - 71.25 = 0.15 
30 2.07 71.50 - 71.10 = . 0.4 
35 2.41 71.80 - 70.80 = 1.0 
40 2.75 71.90 - 70.70 = 1.2 
45 3.10 72.00 - 70.65 = 1.35 
50 3.45 72.10 - 70.50 = 1.6 
55 3.79 72.20 . - 70.35 = 1.85 
60 4.13 72.40 - 70.20 = 2.2 
Flow Data for One-Fourth by Two Inch Brass Orifice 
0 62.20 - 62.50 = -.30 
15 1.035 very slight 
17 1.172 62.25 - I 62.45 = - .20 
19 1.310 62.55 - 62.15 = 0.40 
21 1.446 64.20 - 60.50 = 3.70 
Graph No. 5 
Curves Obtained by Increasing and Decreasing Pressures 
Decreasing Pressure: 
Pressure 
Ibs.jin. 2 dynes/ cm.2 
X 106 Manometer (c:m.) 
0 67.80 - 67.70 = 0.1 
65 4.48 69.00 -:- 66.50 = 2.5 
55 3.79 68.70 - 66.70 = 2.0 
45 3.10 68.50 - 67.00 = 1.5 
35 2.41 68.25 - 67.20 = 1.05 
25 1.72 67.85 - 67.60 = 0.25 
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Increasing Pressure: 
0 67.80 - 67.70 = 0.1 
15 1.035 very slight 
20 1.38 67.80 - 67.65 = 0.15 
25 1.72 67.90 - 67.60 = 0.30 
30 2.07 68.10 - 67.45 = 0.75 
35 2.41 68.30 - 67.15 = 1.15 
45 3.10 68.45 - 67.00 = 1.45 
55 3.79 68.50 - 66.90 = 1.60 
65 4.48 68.80 - 66.70 = 2.1 
75 5.17 68.90 - 66.50 = 2.4 
Graph No.6 
Insert and Two Inch Brass Orifice 
Pressure 
lbs.jin." dynes/ cm.2 
X 106 )'1anometer (cm.) 
0 64.70 - 64.70 = 0.0 
10 0.689 64.70 - 64.70 = 0.0 
15 1.035 very slight 
20 1.38 65.15 - 64.25 = 0.9 
25 1.72 65.25 - 64.15 = 1.1 
35 2.41 65.55 - 63.85 = 1.7 
40 2.75 65.75 - 63.65 = 2.1 
45 3.10 65.95 - 63.45 = 2.5 
50 3.45 66.40 - 63.00 = 3.4 
Three Inch Brass Orifice 
9 64.65 - 64.65 = 0.0 
7.5 0.517 64.65 - 64.65 = 0.0 
10 0.689 64.70 - 64.60 = 0.1 
15 1.035 64.80 - 64.50 = 0.3 
20 1.38 64.95 - 64.35 = 0.6 
25 1.72 65.10 - 64.20 = 0.9 
30 2.07 65.70 - 63.60 = 2.1 
Four Inch Brass Orifice 
Pressure 
Ibs.jin. 2 dynes/ cm. 2 
X 106 Manometer (cm.) 
0 65.10 - 65.10 = 0.0 
7 0.483 65.10 - 65.10 = 0.0 
8 0.551 65.15 - 65.05 = 0.1 
10 0.689 65.25 - 64.95 = 0.3 
12 0.826 65.30 - 64.90 = 0.4 
15 1.035 65.40 - 64.80 = 0.6 
17 1.172 65.60 - 64.60 = 1.0 
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65.10 - 65.10 = 0.0 
65.10 - 65.10 =. 0.0 
65.15 - 65.05 = 0.1 
65.20 - 65.00 = 0.2 
65.30 - 64.90 = 004 
65.55 - 64.65 = 0.9 
66.35 - 63.85 = 2.5 
Manometer (cm.) 
71.35 - 71.30 = 0.05 
71.35 - 71.30 = 0.05 
71.40 - 71.25 = 0.15 
71.70 - 70.90 = 0.80 
71.90 - 70.75 = 1.15 
72.05 - 70.60 = lAS 
72.20 - 70.50 = 1.70 
72.35 - 70.30 = 2.05 
72.50 - 70.15 = 2.35 
72.70 - 70.00 = 2.70 
73.00 - 69.65 = 3.35 
Manometer (em.) 
69.50 - 69.45 = 0.05 
69.50 - 69.45 = 0.05 
very slight 
69.55 - 69.35 = 0.2 
69.85 - 69.10 = 0.75 
69.95 - 68.95 = 1.00 
70.05 - 68.85 = 1.2 
'70.10 - 68,80 = 1.3 
70.25 - 68.65 = 1.6 
70.30 - 68.70 = 1.7 
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APPENDIX B 
DATA CONCERNING EFFECT OF WATER CONTENT 
ON PLASTICITY OF CLAYS 
Graph No.8 
Florida Kaolin 
Average Water Content = 59.8 ± 2.0 per cent 
Pressure Flow Av. Flow 
Ibs.jin.2 dynes/cm.2 Trial Number (ce./sec. ) ( ce.jsec.) 
X 106 






7 0.00 0.003 






7 0.03 0.014 






7 0.01 0.046 






7 0.08 0.109 





6 0.11 0.153 
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Pressure Flow Av. Flow 
Ib5.jin. 2 dynes / em," Trial Number (ee.jsec.) (ec.jsec. ) 
X 106 






7 0.150 0.174 





6 0.16 0.20 






7 0.175 0.218 






7 0.185 0.241 






7 0.21 0.290 
Average Water Content = 6.8 ± .3% 




5 0.01 0.01 
30 2.07 1 0.05 
2 0.08 
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Pressure Flow Av. Flow 




5 0.065 0.068 




5 0.16 0.143 




5 0.21 0.179 




5 0.255 0.229 




5 0.305 0.27 




5 0.37 0.328 
60 4.13 1 0.36 
2 . 0.37 
3 0.35 0.36 
65 4.48 1 0.485 
2 0.445 
3 0.405 
4 0.405 0.435 
Average Water Content = 66.6 ± .4% 
20 1.38 1 0.05 
2 0.03 
3 0.08 
4 O.OB 0.048 
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Pressure Flow Av.Flow 
Ibs.jin.2 dynes/ em." 
X 106 
Trial Number (ee.jsee.) (ee.jsec.) 




5 0.15 0.138 









5 0.325 0.302 




5 0.34 0.356 




5 0.425 0.408 




5 0.46 0.457 
55 3.78 0.515 
2 0.515 
3 0.545 
4 0.565 0.535 
60 4.13 1 0.60 
2 0.605 
3 0.625 
4 0.625 0.614 
Average Water Content = 79.3 ± .5% 
7.5 0.52 1 0.01 
2 0.01 
3 0.01 
4 0.Q1 0.01 
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Pressure Flow Av. Flow 
Ibs.jin.2 dynes/cm.2 Trial Number (cc./sec.) ( cc.jsec.) 
X 106 
10 0.69 1 0.01 
2 0.03 
3 0.03 
4 0.05 0.03 
12.5 0.86 1 0.05 
2 0.08 
3 0.065 
4 0.11 0.076 
15 1.03 1 0.095 
2 0.135 
3 0.125 
4 0.16 0.129 
17.5 1.21 1 0.15 
2 0.19 
3 0.175 
4 0.21 0.181 
20 1.38 1 0.21 
2 0.255 
3 0.22 
4 0.245 0.232 
22.5 1.55 1 0.275 
2 0.285 
3 0.265 
4 0.285 0.278 
25 1.72 1 0.34 
2 0.35 
3 0.305 
4 0.35 0.336 
27.5 1.90 1 0.45 
2 0.42 
3 0.38 
4 0.40 0.412 
Graph No.9 
North Carolina Kaolin 
Average Water Content = 40.3 ± .2% 
25 1.72 1 0.01 
2 0.01 
3 0.01 
4 0.01 0.01 
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Pressure Flow Av. FlolW 
Ibs.jin.2 dynes/ cm.2 Trial Number (cc.jsee.) ( ce./ sec.)' 
X 106 
30 2.07 1 0.03 
2 0.Q15 
3 0.01 
4 0.Q1 0.016. 
35 2.41 1 0.03 
2 0.03 
3 0.015 
4 0.03 0.026 
40 2.75 1 0.03 . 
2 0.065 
3 0.03 
4 0.03 OJf39 
45 3.10 1 0.065 
2 0.095 
3 0.065 
4 0.11 0.084 
50 3.45 1 0.08 
2 0.11 
3 0.095 
4 0.16 0.111. 




60 4.13 1 0.20 
2 0.20 
3 0.23 
4 0.205 0.2@ 
65 · 4.48 1 0.285 
2 0.265 
3 0.265 
4 0.295 0.278 
Average Water Content == 42.4 ± .3% 
20 l.38 1 0.01 
2 0.01 
3 0.01 0.01 
25 1.72 1 0.065 
2 0.Q15 
3 0.D3 0.037 
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Pressure Flow Av. Flow 
Ibs.jin.2 dynes/ cm.2 Trial Number (cc./sec.) ( cc./ sec.) 
X 106 
30 2.07 1 0.125 
2 0.05 
3 0.05 0.075 
35 2.41 1 0.24 
2 0.14 
3 0.08 0.153 
40 2.75 1 0.20 
2 0.265 
3 0.175 
4 0.275 0.229 
45 3.10 1 0.34 
2 0.335 
3 0.255 
4 0.37 0.325 
50 3.45 1 0.425 
2 0.585 
3 0.325 
4 0.425 0.44 
55 3.78 1 0.485 
2 0.80 
3 0.49 
4 0.77 0.636 
Average Water Content = 43.6 ± 1.1 % 
15 1.03 1 om 
2 om 
3 0.01 
4 0.01 0.01 




5 om 0.048 




5 0.065 0.131 




5 0.20 . 0.261 
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Pressure Flow Av. Flow 
Ihs.jin.2 dynes/cm.~ 
X lOG 
Trial Number (cc';sec.) ( cc./ sec.) 




5 0.325 0.371 




5 0.565 0.541 




5 0.70 0.670 
50 3.45 1 0.85 
2 0.795 
3 0.735 1.02 
Average Water Content = 45.8 ± .3% 
12.5 0.86 1 0.01 
2 0.01 
3 0.05 
4 0.01 0.02 
15 1.03 0.015 
2 0.065 
3 0.11 
4 0.065 0.064 
17.5 1.21 0.065 
2 0.08 
3 0.175 
4 0.125 0.111 
20 1.38 1 0.135 
2 0.11 
3 0.275 
4 0.235 0.164 
22.5 1.55 1 0.275 
2 0.295 
3 0.36 
4 0.315 0.311 
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Pressure Flow Av. Flow 
Ibs.jin.2 dynes/cm.2 
X 106 
TI·ial N umber (cc.jsec.) ( cc.jsec.) 
25 1.72 0.42 
2 0.38 
3 0.465 
4 0.39 0.414 
27.5 1.90 1 0.57 
2 0.425 
3 0.605 
4 0.47 0.518 
30 2.07 1 0.725 
2 0.62 
3 0.675 
4 0.62 0.660 
Average Water Content = 48.9 ± .7% 




5 0.03 0.01 




5 0.125 0.087 




5 0.295 0.173 




5 0.405 0.264 









5 0.695 0.5S(} 
CONCENTRATED CLAY-WATER MIXTURES 91 
Pressure Flow AV.Flow 
Ibs.jin." dynes/ cm.2 Trial Number ( cc.jsec.) ( cc./ sec.) 
X lOG 
r 




5 0.825 0.716 
Graph No. 10 
Georgia Kaolin 
Average Water Content = 36.7 ± .5% 




5 0.01 0.01 




5 0.015 0.018 
40 2.75 1 0.05 
2 0.065 
3 0.03 
4 0.03 0.046 




5 0.065 0.067 




5 0.125 0.124 




5 0.16 0.150 
60 4.13 1 0.185 
2 0.175 
3 0.16 • 
· 4 0,185 0.176 
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Pressure Flow Av. Flow 
Ibs.jin.2 dynes/ em." Trial Number ( ee.jsee.) (ee./ see.) 
X 106 
65 4.48 1 0.23 
2 0.24 
3 0.21 
4 0.22 0.225 
70 4.83 1 0.255 
2 0.305 
3 0.255 
4 0.265 0.245 
75 5.17 1 0.335 
2 0.38 
3 0.295 
4 0.335 0.336 
80 5.51 1 0.445 
2 0.445 
3 0.35 
4 00405 00411 
85 5.86 1 0.55 
2 0.52 
3 0.485 0.518 
A verage Water Content = 39.2 ± .4% 




5 0.01 0.016 




5 0.03 0.039 




5 0.065 0.083 
40 2.75 0.095 
2 0.08 
3 0.15 
4 0.125 0.112 
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Pressure Flow Av. Flow 
Ibs.jin.2 dynes/ cm.2 Trial Number (cc.jsec. ) (cc./ sec. ) 
X 106 




5 0.20 0.187 
50 '3.45 0.23 
2 0.255 
3 0.285 0.256 




5 0.34 0.338 
60 4.13 0.41 
2 0.34 
3 0.47 0.406 
65 4.48 1 0.46 
2 0.505 
3 0.625 0.530 
Average Water Content = 42.9 ± .7% 




5 0.05 0.04 




5 0.15 0.106 




5 0.23 0.221 




., 0.35 0.356 
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Pressure Flow Av. Flow 
Ibs.jin.2 dynes/cm.~ Trial Number ( cc.jsec.) (cc/ sec.) 
X 106 




5 0.49 0.457 




5 0.590 0.596 




5 0.705 0.713 
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APPENDIX C 
DATA CONCERNING EFFECT OF ADSORBED NaOH 
ON PLASTICITY OF CLAYS 
Graph No. 14 
(Viscosimeter No. 325 A), 30% Slip 
95 
North Carolina Kaolin 


















Georgia Kaolin ' 
o 
(Viscosimeter No. 325 ,A) , 30% 
9.7 4.4 
0.1. 8.2 4.4 
0.2 7.6 4.4 
0.3 8.0 4.4 
0.4 7.7 4.4 
0.5 8.0 4.4 
0.6 7.6 4.4 
0.7 7.8 4.4 
Florida Kaolin (Viscosimeter No. 436), 25% Slip 
a 382.6 2.0 
0.1 359.6 2.0 
0.2 405.3 2.0 
0.3 407.3 2.0 
0.4 409.1 2.0 
0.5 444.8 2.0 
0.6 429.7 2.0 
0.7 979 2.0 
Graph No. 15 










65.10 - 65.15 = - .05 





65.25 - 65.0 = 0.25 
65.35 - 64.90 = 0.45 
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50 3.45 65.45 - 64.80 = 0.65 0.20 
55 3.79 65.50 - 64.75 = 0.75 0.22 
60 4.13 65.55 - 64.70 = 0.85 0.245 
65 4.48 65.70 - 64.55 = 1.15 0.305 
70 4.82 65.95 - 64.30 = 1.65 0.40 
75 5.17 66.30 - 63.95 = 2.35 0.515 
80 5.52 67.05 - 63.20 = 3.85 0.71 
0.15% NaOH 
Pressure 
Hg Manometer dynes/em. 2 Manometer Flow 
(em.) 104 (em.) (ee./see.) 
64.90 - 64.90 = 0 0 65.15 - 65.15 = 0 0 
70.1 - 60.0 
-
10.1 0.99 very slight 0.01 
73.2 - 57.0 16.2 1.59 65.25 - 65.05 = 0.2 0.065 
75.3 
- 55.0 
- ' 20.3 1.99 65.30 - 65.00 = 0.3 0.095 
77.5 - 53.0 24.5 2.38 65.45 - 64.85 = 0.6 0.175 
79.6 - 51.0 28.6 2.80 65.50 - 64.80 = 0.7 • 0.20 
81.6 - 49.0 32.6 3.33 65.60 - 64.70 = 0.9 0.24 
88.1 - 43.0 45.1 4.42 65.80 - 64.50 = 1.3 0.325 
92.3 - 39.0 55.3 5.42 66.15 - 64.15 = 2.0 0.45 
95.4 - 36.0 59.4 5.82 66.35 - 63.95 P 2.4 0.515 
0.3% NaOH 
62.0 - 62.0 0 0 62.20 - 62.50 = -.3 0 
67.3 - 57.0 10.3 1.01 62.30 - 62.40 = -.1 0.065 
69.4 - 55.0 = 14.4 1.41 62.40 - 62.30 = 0.1 0.125 
71.6 - 53.0 18.6 1.82 62.50 - 62.20 = 0.3 0.175 , 
74.8 - 50.0 24.8 2.35 62.65 - 62.05 = 0.6 0.24 
78.0 - 47.0 
-
31.0 3.04 62.80 - 61.90 = 0.9 0.305 
81.3 - 44.0 37.3 3.65 63.00 - 61.70 = 1.3 0.38 
85.5 - 40.0 45.5 4.46 63.30 - 61.40 = 1.9 0.485 
89.8 - 36.0 53.8 5.27 63.55 - 61.15 = 2.4 0.56 
95.2 - 31.0 64.2 6.29 64.00 - 60.70 = 3.3 0.675 
0.5% NaOH 
Pressure 
lbs.jin. 2 dynes/ em.2 
X 106 Manometer (em.) Flow (ee.jsee.) 
0 0 62.20 - 62.50 = - .3 0 
7 0.49 62.20 - 62.50 = - .3 0 
8 0.55 very slight 0.01 
10 0.69 62.30 - 62.40 = - .1 0.065 
12 0.83 62.35 - 62.35 = 0.0 0.095 
14 0.97 62.40 - 62.30 = 0.1 0.125 
17 1.17 62.80 -.:... 61.90 = 0.9 0.305 
19 1.31 63.20 - 61.50 = 1.7 0.45 
• 21 1.45 63.90 - 60.80 = 3.1 0.65 












Graph No. 16 




























62.0 - 62.0 = 0 
63.1 - 61.0 = 2.1 
64.1 - 60.0 = 4.1 
66.3 - 58.0 = 8.3 
67.3 - 57.0 = 10.3 
69.5 - 55.0 = 14.5 
71.6 - 53.0= '1&6 
62.15 - 62.50 = -.35 
62.15 - 62.50 = - .35 
very slight 
62.20 - 62.45 = -.25 
62.60 - 62.05 = 0.55 
62.90 - 61.75 = 1.15 
63.00 - 61.65 = 1.33 
63.25 - 61.40 = 1.75 
63.60 - 61.05 = 2.55 
63.75 - 60.00 = 2.75 
64.70 - 64.70 = 0 
64.70 - 64.70 == 0 
very slight 
64.85 - 64.55 = 0.3 
65.00 - 64.40 = 0.6 
65.20 - 64.20 = 1.0 
65.30 - 64.10 = 1.2 
65.40 - 64.00 = 1.4 
65.50 - 63.90 = 1.6 
65.75 - 63.65 = 2.1 
66.40 - 63,30 = 3.4 
Manometer (em.) 
65.15 - 65.15 = 0 
65.15 - 65.15 = 0 
65.20 ~ 65.10 = 0.1 
65.35 - 64.95 = 0.4 
65.55 - 64.75 = 0.8 
66.00 - 64.30 = 1.7 
66.60 ·- 63.70 = 2.9 












62.15 - 62.45= -.3 
62.15 - 62.45 = -.3 
62.40 - 62.20 = 0.2 
. 62.80 - 61.80 = 1.0 
63.05 - 61.55 = 1.5 
63.50 - 61.1'@ = 2.4 
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0.5% NaOH 
60.1 - 60.1 = 0 
61.2 - 59.0 = 2.2 
62.2 - 58.0 = 4.2 
63.3 - 57.0 = 6.3 
64.4 - 56.0 = 8.4 
65.4 - 55.0 = 10.4 
66.5 - 54.0 = 12.5 
67.6 - 53.0 = 14.6 
68.7 - 52.0 = 16.7 
0.7% NaOH 
60.1 - 60.1 = 0 
61.2 - 59.0 = 2.2 
62.3 - 58.0 ~ 4.3 
6304 - 57.0 = 604 
64.5 - 56.0 = 8.5 
65.5 - 55.0 = 10.5 
66.6 - 54.0 = 12.6 
68.7 - 52.0 = 16.7 
Graph No; 17 
F lorida Kaolin 
0% NaOH 
Pressure 














63.4 - 63.3 = 0.1 
66.7 -'- 60.3 = 6.4 
72.9- 54.5 = 18.4 
74.9 - 52.5 = 22.4 
76.0 - 51.5 = 24.5 
77.6 - 50.0 = 27.9 
0.5 % NaOH 
64.9- 64.9 = 0 
70.1 ·- 60.0 = 10.1 
0 62.20 - 62.45 = -.25 0 
0.22 62.25 - 62.40 = -.15 0.03 
0.41 62.35 - 62.30 = 0.05 0.095 
0.62 62.55 - 62.10 = 0.45 0.20 
0.82 62.90 - 61.75 = 1.15 0.34 
1.02 63.15 - 61.50 = 1.65 0.435 
1.23 63.40 - 61.25 = 2.15 0.515 
1.43 63.65 - 61.00 T 2.65 0.585 
1.64 63.75 - 60.90 = 2.85 0.61 
0 62.20 - 62.45 = -.25 0 
0.22 62.25 - 62.40 = - .15 0.03 
0.42 62040 - 62.25 = 0.15 0.125 
0.63 62.65 - 62.00 = 0.65 0.24 
0.83 62.85 - 61.80 = 1.05 0.325 
1.03 63.05 ~ 61.60 = 1.45 0040 
1.24 63.25 - 61.40 = 1.85 . 0.47 
1.64 63.80 - 60.85 = 2.95 0.625 
Manometer (cm.) Flow (ec.jscc.) 
64.65 - 6~.55 = 0.1 0 
64.65 - 64.55 :;= 0.1 0 
65.00 - 64.30 = 0.7 0.175 
65045 ~ 63.90 = 1.4 0.325 
65.45: :""- 63.85 = 1.6 0.36 
65.50 - 63.80 = 1.7 0.38 
65.65 - .63.65 = 2.0 00435 
65.85 - 63.45 = 204 0.50 
66.05 - 63.25 = 2.8 0.56 
Pressure 
dynesjcm. 2 Manometer Flow 
X 104 (em·. ) ( cc./sec.) 
0 64.70 ;....,... 64.65 = 0.05 · 0 : 
0.Q3 very slight 0.01 
' 1.81 64.75 - 64.60 = 0.15 0.03 
2.20 64.95 - 64.40 = 0.55 0.15 
2.40 65.45 - 63.90 = 1.55 0.35 
2.71 67.25 - 62.10 = 5.15 0.84 
0 65.15 - 65.15 = 0 0 
0.99 very slight 0.01 
CONCENTRATED CLAy-WATER MIXTURES 99 
73.2 - 57.0 = 16.2 1.59 65.25 - 65.05 = 0.2 0.065 
75.3 - 55.0 = 20.3 1.99 65.30 - 65.00 = 0.3 0.095 
77.5 - 53.0 = 24.5 2.38 65.45 - 64.85 = 0.6 '0:175 
79.6 - 51.0 = 28.6 2.80 65.50 - 64.80 == 0.7 0.20 
81.6 - 49.0 = 32.6 3.33 65.60 - 64.70 = 0.9 0.24 
88.1 - 43.0 = 45.1 4.42 65.80 - 64.50 = 1.3 0.325 
92.3 - ' 39.0 = 53.3 5.42 66.15 - 64.15 = 2.0 0.45 
95.4 - 36.0 = 59.4 5.82 66.35 - 63;95 = 2.4 0.515 
0.7 % NaOH 
62.0 - 62.0 = 0 0 62.15 - 62.45 == -.3 0 
64.1 - 60.0 = 4.1 0.40 62.15 - 62.45 = -.3 0 
66.3 - 58.0 = 8.3 0.81 62.25 - 62.35 = -.1 0.065 
68.4 - 56.0 = 12.4 1.22 62.40 - 62.20 = 0.2 0.15 
69.0 - 55.5 = 13.5 1.32 63.10 - 61.50 == 1.6 0.435 
69.6 - 55.0 = 14.6 1.43 63.40 - 61.20 = 2.2 0.53 
1.0% NaOH 
60.0 - 59.8 = 0 0 62.15 - 62.50 = - .35 0 
65.1 - 55.0 = 10.1 1.00 62.15 - 62.50 = - .35 0 
67.2 - 53.0 = 14.2 1.41 very slight 0.01 
68.3 -'- 52.0 = 16.3 1.61 62.20 - 62.45 = -.25 . 0.03 
68.8 - 51.5 = 17.3 1.71 62.35 - 62.30 = 0.05 0.125 
69.4 - 51.0 = 18.4 1.82 62.45 - 61.20 = 1.25 0.38 
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APPENDIX D 
DATA CONCERNING EFFECT OF PARTICLE SIZE ON 
:fraph No. 18 
Florida Kaolin 
First Pass at Low Speed 
Hg Manometer 
(em.) 
62.7 - 62.7 = 0 
70.6 - 55.0 = 15.6 
74.4 - 51.5 = 22.9 
75.4 - 50.5 ::::< 24.9 
76.5 - 49.5 = 27.0 
78.2 - 48.0 = 30.2 
80.3 - 46.0 = 34.3 
84.6 - 42.0 = 42.6 
88.8 - 38.0 = 50.8 
93.6 - 33.5 :::;; 60.1 
97.3 - 30.0 =<I 67.3 
Final Filtrate (Fines) 
Pressure 










Graph No. 19 
Georgia Kaolin 
PLASTICITY OF CLAYS 
(Coarse) 
Pressure 














64.70 - 64.70 = 
64.70 - 64.70 = 
64.75 - 64.65 = 
64.90 - 64.50 = 
64.95 - 64.45 = 
65.00 - 64.40 = 
65.05 - 64.35 = 
65.30 - 64.10 = 
65.70 - 63.70 = 
66.20 - 63.20 = 
66.80 - 62.60 = 
Manometer (em.) 
65.10 - 65.20 = - .1 
65.10 - 65.20 = -.1 
very slight, 
65.35 - 65.05 = 0.3 
65.60 - 64.80 = 0.8 
65.90 - 64.50 = 1.4 
66.40 - 64.00 = 2.4 
67.15 - 63.25 = 3.9 
First Pass at Slow Speed (Coa["se) 
Pressure 










62.15 - 62.45 = -.3 
62.20 - 62.40 = -.2 
62.25 - 62.35 = - .1 
62.35 - 62.25 = 0.1 
62.55 - 62.05 ' = 0.5 
62.75 - 61.85 = 0.9 































































North Carolina Kaolin 
63.25 - 61.45 = 1.8 
63.50 - 61.20 = 2.3 
63.85 - 60.95 = 2.9 
62.15 - 62.45 = -.3 
62.20 - 62.40 = -.2 
62.35 - 62.25 = 0.1 
62.55 - 62.05 = 0.5 
63.35 - 61.25 = 2.1 
64.30 - 60.30 = 4.0 
First Pass at Slow Speed (Coarse) 
Pressure 











X lOG Manometer (em.) Flow (cc.j see.) 
0 0 62.15 - 62.45 = - .3 
7.5 0.52 62.20 - 62.40 = -.2 . 
10 0.69 62.30 - 62.30 = 0.0 
12.5 0.86 62.35 - 62.25 = 0.1 
15 1.03 62.40 - 62.20 = 0.2 
20 1.38 62.45 - 62.15 = 0.3 
25 1.73 62.50 - 1i2.10 = 0.4 
30 2.07 62.65 - 61.95 = 0.7 
35 2.41 62.70 - 61.90 = 0.8 
45 3.10 62.90 - 61.70 = 1.2 
55 3.79 63.25 - 61.35 = 1.9 
First Pass at High Speed (Fines) 
Hg Manometer 
(em.) 
60.0 - 59.8 = 0.2 
65.1 - 55.0 = 10.1 
67.2 - 53.0 = 14.2 
69.3 - 51.0 = 18.3 
73.8 - 47.0 = 26.8 
. 75.8 - 45.0 = 30.8 
78.0 - 43.0 = 35.0 














62.10 - 62.45 = -.35 
62.10 - 62.45 = -.35 
very slight 
62.20 - 62.35 = - .15 
62.55 - 62.00 = 0.55 
63.00 - 61.55 = 1.45 
63.45 - 61.10 = 2.35 
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